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Abstract 
The Asian Clam Corbicula fluminea: Seasonal Filtration Rates of Representative Populations in 
Two Tributaries of the Delaware River 
 
Kurt Michael Cheng 
Danielle A. Kreeger, Ph.D 
 
 
 
 
The Asian clam, Corbicula fluminea, is an exotic freshwater bivalve that was first 
introduced to the United States in the early 1930s. Populations of C. fluminea have rapidly 
spread over the country due to its high reproductive output and short life cycle. Due to its 
numerical abundance and filter-feeding behavior, C. fluminea has the potential to impact water 
quality through a reduction of turbidity as well as possibly removing particulate pollutants such 
as nutrients. In the Delaware River system, where C. fluminea was first documented over 40 
years ago, Asian clams have assumed a dominant position in the benthic community of many 
streams, often representing a majority of benthic faunal biomass. Despite its potential to alter 
stream ecology, there have been few studies regarding the clam’s feeding behavior on natural 
seston diets and seasonal changes in population demographics and feeding processes.  
Seasonal changes in natural seston quantity and quality, physiological rates including 
clearance rates of C. fluminea, and Asian clam size and population density were contrasted 
between two representative tributaries of the Delaware River basin: the Cooper River, NJ, and 
Red Clay Creek, DE. Data from seston analyses, physiology studies, and population surveys were 
coupled to estimate the importance of clam-mediated particle filtration in removing suspended 
matter flowing through each study stream. 
Seston quantity and quality were greater in the Cooper River than in Red Clay Creek 
during all seasons. Clearance rates (units = water volume processed) were seasonally consistent 
ix 
 
for Asian clams in the Cooper River but showed a seasonal drop for clams in Red Clay Creek. 
Clams from the Cooper River had greater seasonal filtration rates (units = mass of seston 
removed) and were larger on average than clams from Red Clay Creek. Due to greater seston 
quantity and quality, Asian clams in the Cooper River were able to feed during three seasons 
and were more likely to successfully overwinter compared to clams in Red Clay Creek, where 
clams appeared to be food limited. Population densities were less than 100 clams / m2 in Cooper 
River and Red Clay Creek and demonstrated seasonal variability. Populations of Asian clams in 
both streams were found to be reproductive.  
Asian clams in the Cooper River were estimated to remove a greater amount of 
suspended particulate matter in the water column than clams in Red Clay Creek. Particle 
removal services of Asian clams were estimated to be 5.4 and 0.4 metric tons of total suspended 
solids per kilometer per year in Cooper River and Red Clay Creek, respectively. Although 
sizeable, this represented only 1.6 and 0.13 % of the total seston flowing through each reach, 
averaged over the year. Additional research on population densities of clams in other reaches of 
both streams would support extrapolation of particle removal services to entire streams to 
determine the full ecosystem service potential of C. fluminea. 
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Introduction 
 
The Asian clam, Corbicula fluminea, is a benthic suspension-feeding (a.k.a. filter-feeding) 
bivalve mollusk that lives in freshwater habitats. The clam is indigenous to southeast Russia as 
well as Asian countries such as Thailand, China, Korea and Japan (Karatayev et al. 2007; Lachner 
et al. 1970). Populations of C. fluminea were first reported in the United States beginning in the 
1930s (Dresler and Cory 1980) and spread to the Delaware River system around 1971 (Crumb 
1977). Clam populations throughout the United States have varied considerably in density but 
often reach population densities above 1000 clams/m2 (Brown et al. 2007; Cohen et al. 1984; 
Diaz 1974; Rinne 1974).  
Since C. fluminea is a filter-feeding animal that is known to occupy freshwater 
environments with high population densities, there is a potential for Asian clams to provide an 
ecosystem service in the form of suspended particle removal from the water column associated 
with a reduction of turbidity (Phelps 1994; Sousa et al. 2009). However, studies on the filtration 
rates of C. fluminea vary widely in methodology used and results obtained (Buttner and 
Heidinger 1981; Cohen et al. 1984; Lauritsen 1986; Leff et al. 1990) which creates confusion in 
determining filtration rates of C. fluminea. Additionally, although C. fluminea is ubiquitous in the 
Delaware River Basin, little is known regarding population demographics and population 
densities.  
This study determined seasonal filtration rates of C. fluminea within two tributaries of 
the Delaware River as well as seasonal population demographics in order to capture changes 
over varying environmental conditions including water temperature, food quality and food 
quantity. An understanding of C. fluminea’s physiological ecology allows for interpretation of 
how Asian clam populations can proliferate in different environments and, perhaps more 
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importantly, how Asian clam populations interact and affect their environment. Asian clams 
have the potential for large scale ecological impacts based on their filter-feeding behavior and 
seemingly robust populations. The data gathered from this research will provide a better 
understanding of the functional role of C. fluminea in tributaries of the Delaware River. 
Taxonomy of Corbicula 
 
Asian clams belong to the genus Corbicula of the family Corbiculidae (Glaubrecht et al. 
2007). Within Corbicula, there is much confusion and debate regarding the identification and 
proper naming of a disputed number of species as researchers have concluded contradictory 
results (Araujo et al. 1993). Some researchers have refuted the existence of a single species in 
North America and suggest species differences based on shell color, shell morphology as well as 
electrophoretic data (Hillis and Patton 1982). Reyna et al. (2013) discusses shell plasticity and 
the confusion that results in determining species. Their research was able to differentiate C. 
largillierti (a species apparently exclusive to South America) from C. fluminea despite their 
overlapping ranges. Other studies determined Asian clams considered to be C. manilensis were 
actually C. fluminea and suggest one single species exists in North America (Britton and Morton 
1979; Britton and Morton 1986). This confusion has not been resolved and there is no 
consensus as to the proper identification and naming of species within Corbicula. Given 
overlapping distributions of potentially different species and the inconsistencies of 
morphological differentiation, proper naming of species within Corbicula may not soon be 
reached. As such, a recent study suggests that when determining species within Corbicula, 
genetic data as well as ecological function should be considered (Qiu et al. 2001). Other studies 
have similarly concluded genetic, physiological and ecological studies are needed to resolve the 
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taxonomic problem and add that because Corbicula clams self-fertilize, the biological species 
concept may not be readily applicable (Komaru and Konishi 1999; Komaru et al. 1997).  
Karatayev et al. (2005) simplifies the species of Corbicula clams in Texas to be 
exclusively C. fluminea for the purposes of their research. Similarly, this research considers the 
Asian clam species studied to be C. fluminea. 
History of Dispersal 
 
Corbicula fluminea is indigenous to areas of southeast Russia and Asian countries such 
as Thailand, China, Korea and Japan (Karatayev et al. 2007; Lachner et al. 1970) however in  
other regions of the world, it has spread as an exotic species. Methods of introduction of C. 
fluminea into foreign regions include dispersal via immigrants carrying Asian clams to new areas 
as an easily transported food item, the aquarium trade, ballast water from shipping operations, 
transport of river sediments and fishermen using Asian clams as bait (Abbott 1975; Dresler and 
Cory 1980; Karatayev et al. 2003; McMahon 1982; Rinne 1974). Such methods of dispersal are 
often difficult to prevent and as such, C. fluminea continues to proliferate through an expansion 
of its nonnative range into North American and European countries (Beran 2006; Franco et al. 
2012; Lucy et al. 2012). In North America specifically, C. fluminea was first discovered in Canada 
in 1924 (Counts 1981) and in the United States around the 1930s (Dresler and Cory 1980). In the 
United States, two distinct introductions of C. fluminea were thought to have occurred, one on 
the west coast in the Columbia River basin and one in the Midwest in the Ohio River basin 
(McMahon 1982). In the Delaware River, populations of C. fluminea were first discovered in 
1971 and based on cohort data, may have existed for years before (Crumb 1977).  Currently, the 
presence of C. fluminea in the United States has been documented in over 40 states and the 
District of Columbia (Foster et al. 2014). 
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Natural dispersal of C. fluminea is limited to a few methods of downstream dispersal. 
Prezant and Chalermwat (1984) discovered that juvenile Asian clams were able to use a mucous 
string that extended from their siphons and push off with their muscular foot to disperse with 
downstream flow. This downstream method of dispersal of Asian clams was determined to be 
the major method of dispersal of Asian clams during their initial spread in Alabama (Jenkinson 
1979) and an important method of dispersal in lotic systems (Payne et al. 1989).  
Upstream dispersal of C. fluminea however, has not been well studied. Contrary to 
native freshwater mussels (Order Unionoida), Asian clams lack a glochidial larval stage that 
attach to fish hosts to enable movement upstream (Lefevre and Curtis 1912). It has been 
theorized that Asian clams may disperse via wading birds and through gut passage via fish 
(Prezant and Chalermwat 1984) however, this theory has been contested and believed not 
physically possible (Counts 1981; McMahon 1982). Another study has suggested unaided 
upstream dispersal of C. fluminea (Voelz et al. 1998) which would likely depend on flow rate and 
substrate stability but would provide C. fluminea with a potent method of further range 
expansion.  
The range of C. fluminea in North America includes northern areas such as the Maumee 
River and Western Lake Erie as reported by Scott-Wasilk et al. (1983). More recently however, 
Simard et al. (2012) observed populations of Asian clams as far north as the St. Lawrence River 
near Quebec City, CAN which is currently the most northern reported range  of C. fluminea. 
Though a recent study has suggested populations of C. fluminea in Europe may not be as 
sensitive to cold temperatures (Müller and Baur 2011), it is important to note that northern 
observations of C. fluminea in North America were suggested to have resulted from thermal 
plumes from discharging power plants (Scott-Wasilk et al. 1983; Simard et al. 2012). 
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Additionally, warm temperatures may influence dispersal of C. fluminea (Rosa et al. 2012) which 
would help sustain populations near thermal plumes. 
As global anthropogenic activities accelerate phenomena such as climate change, 
significant shifts in regional climates are increasingly ecologically important (IPCC 2014). 
Northern areas such as Canada will experience warmer temperatures and future environmental 
conditions may favor the continued colonization of C. fluminea. 
Reproduction 
 
The highly invasive capacity of C. fluminea may be supported by its reproductive output. 
Corbicula fluminea is known to be a simultaneous hermaphrodite that has the ability to self-
fertilize which simplifies the reproductive process and promotes a high reproductive success 
rate (Britton and Fuller 1980; McLeod and Sailstad 1980). Asian clams brood thousands of larvae 
in their inner gills until they are released as pediveligers (Doherty et al. 1987).  Hornbach (1992) 
reported an average of 1919 larvae per clam, however Foe and Knight (1981) reported up to 
46,000 larvae per clam. Additionally, clams are thought to be sexually mature once they reach a 
shell height of 6.5 to 10 mm (Hornbach 1992; Sinclair and Isom 1961). Furthermore, studies on 
the first year of shell growth of C. fluminea report growth within a range of 9 mm to 29 mm 
(Aldridge and McMahon 1978; Britton and Morton 1986; Hornbach 1992; Sinclair and Isom 
1961). Taken together, these data suggest that C. fluminea may be sexually mature within its 
first year of life.  
Population studies of C. fluminea have reported a lifespan of Asian clams between two 
and five years (Dresler and Cory 1980; Hornbach 1992) with signs of reproductive senescence in 
later year classes (Foe and Knight 1981). As such, C. fluminea will reproduce rapidly early in its 
life thereby promoting rapid expansion and abundance of Asian clams in new areas particularly 
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downstream of established populations. Spawning is generally dependent upon temperature 
(Karatayev et al. 2007) and is variable in periodicity. Some researchers have observed a 
univoltine spawn (Denton et al. 2012; Hornbach 1992) while others observed multiple major 
spawning events (Aldridge and McMahon 1978; Britton and Morton 1986; Doherty et al. 1987) 
with one study reporting continuous spawning probably due to prolonged favorable conditions 
(Franco et al. 2012). Spawning events may vary in frequency and intensity based on 
environmental cues and conditions, but it is clear that C. fluminea is an opportunistic organism 
that exhibits a plastic reproductive effort. 
Tolerance to Environmental Stressors 
 
Environmental stressors that are natural or anthropogenic in origin have historically, 
and continue to significantly impact the fitness of organisms. In order to proliferate and 
maintain populations in a variety of habitat types, C. fluminea has demonstrated multiple 
behavioral responses to a range of environmental stressors. 
As an example of an anthropogenic environmental stressor, sodium sulfate has been 
investigated for its potential lethal effects on C. fluminea. Soucek (2007) found a significant 
effect on filter-feeding in C. fluminea during both initial exposure as well as prolonged exposure 
to sodium sulfate in laboratory settings. The study provides insight on the response of C. 
fluminea to exposure of sodium sulfate in that exposure did not elicit a binary response of either 
maintaining feeding or ceasing feeding and closing valves. In fact, Asian clams were suggested to 
exhibit an intermediary response by reducing the intensity of their feeding behavior which 
effectively reduced the amount of sodium sulfate the clam was exposed to. Corbicula fluminea 
was also observed to reduce filter-feeding behavior when exposed to the insecticide 
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chlorpyrifos beyond an upper concentration threshold (Cooper and Bidwell 2006) which further 
supports that C. fluminea behaviorally adapts to chemical anthropogenic stressors.  
A similar study performed by Bidwell et al. (1995) tested for differences between C. 
fluminea and Dreissena polymorpha (zebra mussel) in response to exposure of the molluscicide 
DGH/QUAT. The study found D. polymorpha was significantly more sensitive to the molluscicide 
than C. fluminea. Since researchers observed that C. fluminea exhibited a biochemical response 
to the molluscicide similar to that of D. polymorpha, it is possible that the difference in mortality 
may have been due to differences in body conditions. Corbicula fluminea is thought to be 
exceptionally rich in glycogen storage which may bolster the clam’s ability to withstand 
prolonged physiological stress (Phelps 2013). 
The behavioral response of C. fluminea to a toxin however, may only be effective for a 
short duration and dependent on the concentration of the toxin. Results from Fisher et al. 
(1991) suggest that the resistance of C. fluminea to potassium toxicity was almost nonexistent 
when exposed for a prolonged period of time which accentuates the difference between acute 
and chronic toxicity. 
Corbicula fluminea has also shown robustness and resiliency to natural environmental 
stressors. Since C. fluminea is a benthic aquatic organism that is generally sessile, its 
physiological response to variable concentrations of dissolved oxygen (DO) and periods of 
complete emersion resulting from droughts or tidal cycles is vital for survivorship. Low DO can 
have immediate effects on the fitness of C. fluminea via mortality, especially during periods of 
high metabolic demand when water temperatures are elevated. Periods of emersion pose a 
unique challenge for aquatic organisms such as C. fluminea in that during emersion, clams are 
exposed to air and could result in respiratory stress, significant water loss and subsequent 
mortality.  
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A study conducted by Tran et al. (2000) investigated the response of C. fluminea to 
variable DO concentrations and found that clams were able to regulate oxygen consumption by 
adjusting their ventilation rates. In a similar study, C. fluminea was subjected to hypoxic 
conditions and was observed to increase ventilation rates which resulted in higher uptakes of 
uranium (Tran et al. 2008). The ability of C. fluminea to increase or decrease ventilation rates to 
manage oxygen consumption is largely beneficial as it avoids detrimental effects of an oxygen 
deficit. If hypoxic conditions coincide with increased levels of a toxin however, higher ventilation 
rates may increase the clam’s exposure to the toxin which could also affect Asian clam fitness. 
The ventilation control of C. fluminea may reduce physiological stress to the clam during 
periods of variable DO concentrations but ventilation control may be futile during hypoxic or 
anoxic conditions. Mortality of C. fluminea has been documented when periods of low DO were 
coupled with high physiological activity and therefore high oxygen demand for clams due to 
elevated water temperatures (Johnson and McMahon 1998). Interestingly, the same study 
found that C. fluminea was more tolerant to anoxia than hypoxia when compared to D. 
polymorpha. Toxic end products resulting from anoxic conditions however, may ultimately result 
in mortality which highlights the importance of the duration of the environmental stressor in 
regards to physiological stress. 
Aside from periods of low DO concentrations, Asian clams must also be able to 
withstand periods of emersion whether it is due to tidal fluctuations or instances of drought. 
Outside of its aquatic environment, C. fluminea regulates its physiological processes through a 
combination of two behaviors including exposing the edge of its mantle to the atmosphere and 
ventilatory control for gas exchange. Byrne et al. (1990) determined that these behaviors 
allowed C. fluminea to remain under aerobic conditions by maintaining oxygen uptake and 
carbon dioxide release similar to air-gaping of some marine bivalves (Boyden 1972; Widdows 
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and Shick 1985). This mantle exposure behavior also has implications for water conservation. 
Byrne and McMahon (1994) explained how mantle exposure behavior of Asian clams may allow 
adequate gas exchange while minimizing water loss. Water loss can be potentially lethal for a 
bivalve that has little control over its reimmersion into the aquatic environment. Water loss is a 
function of relative humidity and temperature and accordingly, it is suggested mantle exposure 
behavior is dependent upon these factors (Byrne and McMahon 1994; Byrne et al. 1988). 
 This behavioral response of C. fluminea to emersion allows for plasticity when faced 
with environmental change.  There is a trade-off between aerobic respiration and anaerobic 
respiration particularly in the form of water loss and stress on the organism through toxic by-
products of anaerobic respiration. Tradeoffs are largely influenced by environmental factors 
such as relative humidity, temperature, and even wind speed. McMahon (1988) suggested the 
location of mollusks in relation to the tidal zone may influence the ultimate behavior of the 
mollusk. If only exposed to air for a short duration of the tidal period, C. fluminea may exhibit 
complete valve closure to conserve water and open valves upon reimmersion. If however, C. 
fluminea is exposed to air for the maximal tidal period or exposed due to drought conditions, it 
may exhibit the above explained behaviors to maintain aerobic respiration and minimize water 
loss.  
 Another common natural environmental stressor may come in the form of predation. 
Though C. fluminea is a non-native species, a variety of predators have been documented to 
prey upon Asian clams including raccoons, fish, crayfish, waterfowl, and muskrats (Covich et al. 
1981; Perry and Uhler 1981; Strayer 1999). In some cases, heavy predation pressure has been 
documented by muskrats (Hersey et al. 2013; Neves and Odom 1989) as well as fish which have 
controlled populations of C. fluminea and reduced its overall abundance (Robinson and 
Wellborn 1988). Predation pressure poses a tradeoff for C. fluminea in that the natural defense 
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to predation is valve closure and deeper burrowing which restricts feeding and gas exchange 
(Saloom and Duncan 2005). Although valve closure reduces the threat of predation, hypoxic 
conditions may ultimately reduce the overall efficacy of predator avoidance. 
Asian Clam Feeding Considerations 
 
Corbicula fluminea utilizes both filter-feeding and pedal-feeding (a.k.a. deposit-feeding) 
for food acquisition (Hakenkamp and Palmer 1999; Lauritsen 1986). Filter-feeding involves the 
capture and removal of particles suspended in the water column. Particles are sorted within the 
clam and rejected material is returned to the bethos. Deposit-feeding involves the collection of 
benthic organic matter within the substrate for ingestion using a muscular foot (Cleland 1988; 
Reid et al. 1992). The dual feeding capability of C. fluminea allows for feeding plasticity and 
supports its rapid growth and success in foreign waters (Hakenkamp and Palmer 1999; Way et 
al. 1990) 
In addition to supporting the successful establishment of populations of C. fluminea, 
feeding behaviors of Asian clams have been reported to have considerable effects on the 
ecosystem in which it lives. Deposit-feeding by C. fluminea has been suggested to alter the 
benthos via bioturbation (Majdi et al. 2014; Sousa et al. 2009) and, along with the presence of 
Corbicula shells, increased habitat complexity and associated macroinvertebrates (Ilarri et al. 
2012). One explanation of the association between macroinvertebrates and C. fluminea is that 
clam shells provide refugia from predation (Ilarri et al. 2014). Conversely, Hakenkamp et al. 
(2001) saw a reduction of benthic bacteria, diatoms and flagellates as a likely result of deposit-
feeding by C. fluminea. 
As C. fluminea filter-feeds, nutrients available in the pelagic environment are deposited 
to the benthic environment in the form of feces and pseudofeces. Such organic enrichment of 
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the benthic environment provides nutrients that are bioavailable to other benthic organisms 
thereby making C. fluminea an important coupler of benthic and pelagic processes (Hakenkamp 
and Palmer 1999; Lauritsen 1986). Other products excreted by C. fluminea such as ammonia 
have been suggested to accelerate the cycling of nutrients in ecosystems which is readily 
bioavailable to other benthic organisms as well. (Lauritsen and Mozley 1983; Lauritsen and 
Mozley 1989) 
Aside from nutrient cycling, filter-feeding by C. fluminea has been associated with 
increases in water quality via reduction of turbidity. For example, an observed reduction of the 
concentration of phytoplankton in the Potomac River was associated with an increase in water 
clarity and light penetration which allowed a return of submerged aquatic vegetation (SAV) 
(Cohen et al. 1984; Phelps 1994) 
Goal of Research 
 
 The overall goal of this research was to calculate the overall particle removal services 
provided by populations of C. fluminea in two tributaries of the Delaware River as well as 
compare differences in these services by stream to understand the contribution of C. fluminea 
to water quality improvements in the Delaware River Basin. 
Specific Objectives 
 
 To complete the overall goal of the research, three specific objectives were identified 
that complemented each other. The first objective was to quantify seasonal filtration rates of C. 
fluminea under simulated natural conditions. The second objective was to track seasonal 
changes in population demographics and population densities of C. fluminea. The third objective 
was to estimate the particle removal services provided by populations of C. fluminea in two 
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representative streams of the Delaware River basin and evaluate the importance of associated 
water quality improvements.  
Study Approach 
 
 To quantify seasonal filtration rates of C. fluminea under simulated natural conditions 
(Chapter 1), physiological experiments were conducted using a static beaker method three 
times to coincide with spring, summer, and fall seasons using stream water containing naturally 
occurring seston. Particle disappearance data were used as a proxy to calculate clearance rates. 
Clearance rates were allometrically scaled to dry tissue weight of Asian clams and paired with 
seasonal seston concentration data to calculate seasonal filtration rates.  
 Seasonal changes in population demographics and population densities of C. fluminea 
(Chapter 2) were tracked through a series of seasonal population surveys that captured shell 
height frequency data as well as population densities associated with differing habitats. Shell 
height frequencies and population densities of juvenile clams (shell height < 0.7 mm) were 
assessed with adult clams to provide a holistic view on the population dynamics of C. fluminea in 
streams in the Delaware River basin.  
 Particle removal services provided by populations of C. fluminea were estimated 
(Chapter 3) using seasonal Asian clam filtration rates as well as seasonal population 
demographics and seasonal population densities specific to study stream habitats. Estimated 
seasonal Asian clam dry tissue weights were integrated with corresponding seasonal filtration 
rate data of Asian clams to estimate total particle removal services within each habitat of study 
sites. Estimated particle removal services were put into the context of seasonal stream flows to 
determine the relative importance of water quality improvements provided by populations of C. 
fluminea.  
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Description of Study Sites 
 
To compare spatial differences in seasonal filtration rates, seasonal population 
demographics, and estimated particle removal services of C. fluminea, two tributaries of the 
Delaware River were chosen to serve as study streams. The Cooper River in New Jersey and the 
Red Clay Creek in Delaware were chosen via extensive field reconnaissance to serve as study 
streams as they both ultimately drain to the Delaware River (Fig. 1) and are representative of 
typical tributaries of the Delaware River. Both study streams collectively represent the two 
major geologic regions of the lower Delaware River Basin as the Cooper River lies within the 
Atlantic coastal plain region while the Red Clay Creek lies within the Piedmont plateau region. 
One study site within each study stream was chosen based on the criteria of field safety, 
available access to streams, detectable populations of C. fluminea, and permission for scientific 
collection. 
The Cooper River flows solely through Camden County, New Jersey (population: 
513,657; U.S. Census Bureau 2010a) where it flows northwest until its confluence with the 
Delaware River in the city of Camden. The Cooper River is 24.8 km long and has a 10,500 hectare 
(ha) watershed (hydrologic unit code [HUC]: 020402020404) (Fig. 1). The Cooper River’s 
hydrological connectivity is significantly altered through a series of impoundments that form 
water bodies including Cooper River Lake, Hopkins Pond, Driscoll Pond, Wallworth Lake, Evans 
Pond and others. The mean annual stream discharge from 1964 through 2012 was 32.6 cubic 
feet per second (cfs) and the mean annual stream discharge from March 2014 through February 
2015 was 30.6 cfs (Table 1) based on data gathered from the United States Geological Survey 
(USGS 2015a) hydrologic gage (USGS 01467150) stationed 12.4 km from the mouth of Cooper 
River just upstream of the Wallworth Lake dam (lat: 39.9031; long: -75.0214). 
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The Cooper River study site (lat: 39.9050; long: -75.0248) lies downstream of Wallworth 
Lake, upstream of Cooper River Lake and receives flow from the Hopkins Pond/ Driscoll Pond 
tributary. The entire study site lies within the Maria Barnaby Greenwald Memorial Park and 
Pennypacker Park. 
The Red Clay Creek is a free-flowing stream that originates in southeast Pennsylvania in 
Chester County (population: 498,886; U.S. Census Bureau 2010b) and flows for 20.7 km 
generally southeast through New Castle County, Delaware (population: 538,479; U.S. Census 
Bureau 2010c). The creek has a 6,970 ha watershed (HUC: 020402050307) and flows into the 
White Clay Creek which flows into the Christina River which drains into the Delaware River (Fig. 
1). The mean annual stream discharge from 1989 through 2014 was 80.5 cfs and the mean 
annual stream discharge from March 2014 through February 2015 was 89.7 cfs (Table 1) based 
on data gathered from the United States Geological Survey (USGS 2015b) hydrologic gage (USGS 
01480015) stationed 1.4 km from the mouth of Red Clay Creek  (lat: 39.7158; long: -75.6399). 
The Red Clay Creek study site (lat: 39.7099; long: -75.6441) for this research was 
situated just above Red Clay Creek’s confluence with the White Clay Creek near Stanton, 
Delaware. The study site lies within Glenville Park, DE.  
 The Cooper River study site and the Red Clay Creek study site were similar in riparian 
cover and stream morphology including extensive runs with comparatively fewer riffles and 
pools. Notable differences between study sites include stream bottom type. Where Cooper 
River’s stream bottom generally consisted of fine sands and small sediment types such as silt, 
Red Clay Creek’s stream bottom consisted of comparatively more coarse sand and larger 
sediment types including cobble and gravel. The turbidity of stream water was also noticeably 
higher in Cooper River compared to Red Clay Creek. 
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The study sites within Cooper River and Red Clay Creek, where Asian clam were 
collected for physiology experiments and population surveys were conducted, were 500 m in 
stream length. As clarification, the study sites within Cooper River and Red Clay Creek are simply 
referred to as Cooper River and Red Clay Creek. 
Significance of Proposed Study 
 
The Asian clam, Corbicula fluminea, is a non-native freshwater bivalve that is ubiquitous 
in fresh water habitats of the Delaware River Basin and is generally considered a nuisance 
species. Much attention has been paid to the negative economic impacts that facilities with 
submerged intake pipes incur as a consequence of Asian clam biofouling as well as concern 
regarding the potential competition between Asian clams and native freshwater unionids; 
species which are of very high conservation concern. However, there are few and inconsistent 
data on the physiology of the Asian clam. Of particular interest are the seasonal filtration rates 
of Asian clams as filter-feeding bivalves often serve as ecosystem engineers and significantly 
alter ecosystem functioning through water quality improvements. Additionally, there are few 
studies that have assessed seasonal changes in Asian clam population demographics, 
particularly for populations in the Delaware Estuary. An understanding of Asian clam population 
demographics and seasonal changes of demographics would improve our understanding of their 
potential filtration services.  
The proposed research aimed to fill knowledge gaps in the understanding of Asian clam 
filtration rates of natural seston throughout the growing season. This research also aimed to 
provide an assessment of seasonal changes in Asian clam population demographics, which is 
critical in order to scale filtration rates to the population level and extrapolate the particle 
removal services of Asian clams over larger stream areas and habitat types. Data gathered from 
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this research will inform resource managers on the relative importance of Asian clams in the 
context of water quality in the Delaware River Basin. 
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Figure 1. Study streams and their watersheds (HUC12) within the Delaware Estuary. 
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Table 1. Flow rate data summarized for the Cooper River and the Red Clay Creek.  Annual mean and 
range corresponds with flow rate data from March 2014 through February 2015. Asterisks indicate 
preliminary data. 
 
Month (Year) 
Cooper River Red Clay Creek 
Mean Range Mean Range 
March (2014) 45.1 18 – 411 136 93-383 
April (2014) 45.2 18 – 565 191 95 – 1990 
May (2014) 41.9 14 – 576 189 90 – 1390 
June (2014) 22.1 9.8 – 72 85.1 55 – 218 
July (2014) 20.5 7.9 – 205 60.8 39 – 235 
August (2014) 18.1 5.9 – 199 42.5 31 – 134 
September (2014) 13.6 6.5 – 98 35.6 27 – 88 
October (2014) 15.8* 7.2 – 85* 36.2* 24 – 147* 
November (2014) 31.2* 9.3 – 142* 61.4* 31 – 159* 
December (2014) 36.1* 13 – 191* 61.8* 40 – 152* 
January (2015) 45.3* 13 – 299* 96.6* 42 – 559* 
February (2015) 25.8* 11 – 166* 80.4* 49 – 271* 
Annual 30.6* 5.9 - 576* 89.7* 24 - 1990* 
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Chapter 1: Seasonal filtration rates of Corbicula fluminea in two tributaries of the 
Delaware River 
Introduction 
 
Bivalve mollusks are considered to be functionally dominant animals in the ecosystems 
they live in when abundant (Dame 1996). The ecological importance of freshwater bivalve 
mollusks has previously been underappreciated but similarly to their marine counterparts, they 
can be functional dominants in freshwater systems (Strayer et al. 1999). This functional 
dominance attributed to bivalve mollusks, both marine and freshwater, largely stems from their 
filter-feeding behavior by which they meet their dietary needs. Filter-feeding involves pumping 
the water the bivalve lives in across layers of enlarged gills in order to capture and remove 
microscopic particles suspended in the water column. The volume of water that is processed by 
the bivalve per unit time is considered the “clearance rate” whereas the mass of suspended 
particles removed from the water column per unit time is considered the “filtration rate”. More 
researchers have studied clearance rates than filtration rates, but filtration rates are needed for 
assessing ecosystem services and effects on system energy flux and biogeochemistry. These 
suspended particles, collectively referred to as seston, consist of organic matter such as algae, 
bacteria or other microscopic organisms as well as flocculant sediments, organic aggregates, and 
small detritus (Kreeger and Newell 2000). Particles are sorted on the gills and labial palps and 
material that is not ingested is rejected as pseudofeces, while ingested material is used for 
growth, respiration and excreted as waste including mucous-bound feces (Morton 1979). 
Though Corbicula fluminea is primarily a filter-feeding bivalve mollusk that can feed on 
suspended particles in the water column, it can switch to feed on organic matter buried in the 
sediments of streams or lakes which is known as deposit-feeding (Hakenkamp and Palmer 1999; 
Lauritsen 1986). Specifically, deposit-feeding involves the collection of buried organic matter 
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within the substrate for ingestion using a muscular foot (Cleland 1988; Reid et al. 1992). 
Corbicula fluminea exhibits fastest growth when allowed to utilize both feeding strategies 
(Hakenkamp and Palmer 1999) which indicates that deposit-feeding, though not the primary 
feeding strategy of C. fluminea, provides an alternative means of feeding when conditions for 
filter-feeding are not favorable. 
  Some factors that influence the clearance rates of bivalves include body mass, 
temperature and food quality and food quantity (Bayne and Newell 1983; Paterson 1984; 
Winter 1978). Clearance rates of bivalve mollusks have been shown to scale allometrically with 
regard to body mass in the form of dry tissue weight (Christian et al. 2001; Winter 1978). 
Accordingly, Leff et al. (1990) observed greater clearance rates with increasing dry weight of C. 
fluminea. A study by Lauritsen (1986) demonstrated an increase in the clearance rate of C. 
fluminea with temperature up to 20 °C, and no further increase was found up to 31 °C indicating 
an upper threshold of clearance rate with respect to water temperature. Conversely, a study by 
Hall (1984) described the relationship between growth of C. fluminea and temperature in Lake 
Norman, North Carolina. There, Asian clams ceased to grow below a water temperature of 8.8 
°C and resumed growth when water temperature was above 10 °C likely indicating C. fluminea 
ceases to filter-feed in response to cold temperatures. 
 Several studies have also demonstrated effects of food quality and food quantity on the 
clearance rate of C. fluminea. Leff et al. (1990) observed a decrease in the concentration of 
particles smaller than 53 µm in the water column downstream of densely populated beds of C. 
fluminea. Additionally, Way et al. (1990) discovered filtration of particles below 1 µm by C. 
fluminea. The same study indicated production of pseudofeces when diets contained particles 
larger than 16 µm possibly indicating wasteful feeding. Taken together, C. fluminea may feed on 
particles most efficiently within the range of 1-53 µm. 
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Additional qualities of food can also influence the ultimate physiology of bivalves as 
post-ingestion processing can adjust to optimize feeding efficiency. Since the energetic costs of 
digestive enzyme production are far greater than costs of food acquisition (filter-feeding), 
feeding behavior responds to maximize digestive efficiency rather than bulk quantity as 
investigated by Willows (1992) in the bivalve Mytilus edulis. Growth rates of C. fluminea were 
shown to be influenced by food quality and were positively correlated with diets high in fatty 
acids and sterols (Basen et al. 2011). Accordingly, a diet of cyanobacteria resulted in lower clam 
growth rates than a diet of eukaryotic algae due to their differences in lipid concentration as 
refractory food items are not as nutritious and tend to decrease feeding efficiency.  
Food quantity also plays a role in the feeding rate of C. fluminea as Way et al. (1990) 
found an inverse relationship between filtration rate and particle concentration. The 
researchers suggested C. fluminea can make physiological adjustments to filtration rate based 
on particle concentration as well as particle size to meet their dietary needs. Taken together, 
these studies suggest that C. fluminea responds to both food quality and quantity to achieve 
optimal foraging and digestion.  
The myriad of factors that influence filter-feeding in bivalve mollusks means that 
measuring clearance rates can be complicated, requiring careful standardization. To further 
complicate comparison of data in the literature, researchers have assessed clearance rates with 
diverse methods and there have been disputes as to the proper methodology and interpretation 
of results in relation to bivalve clearance rates (Bayne 2001; Riisgård 2001). As a result, standard 
methods remain elusive for measuring clearance rates (Cranford et al. 2011).  Studies 
investigating the clearance rate of C. fluminea are no exception as they have been conducted 
using a variety of water temperatures, seston diet types, clam sizes, and methods resulting in 
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widely different clearance rates (Table 1). Interpretation of such clearance rates is challenging, 
confusing, and may lead to contradiction. 
To understand particle processing in nature, such as to study clam ecosystem services, it 
is important to feed animals on natural seston rather than artificial diets or lab-cultured strains 
of algae. Though other diets may help approximate clearance rates of C. fluminea, ecologically 
relevant behavior and associated clearance rates are best measured using natural seston 
(Hawkins et al. 1998; Kreeger and Langdon 1994). Seasonal changes in natural seston 
composition are also important to capture when measuring clearance rates of bivalve mollusks 
because bivalves adjust their physiology according to seston differences including the 
composition of inorganic and organic content in order to meet their dietary needs (Gardner 
2002; Hawkins and Bayne 1984; Kreeger and Newell 2001). Therefore, although studies on 
clearance rates that varied in temperature can be pooled together for a holistic view of 
clearance rates over seasons, only three of the ten studies listed in Table 1 measured clearance 
rates of C. fluminea while fed a natural seston diet, and only one study reported findings in 
ecologically useful units.  Furthermore, since clearance and filtration rates scale allometrically 
with body size, “per clam” rates are not able to be compared among studies unless clam sizes 
are also reported. Finally, reports of body size by shell height or wet weight are not always 
intercomparable, and wet weights vary widely with handling. The most informative and 
intercomparable units for clearance rates are volume of water processed per unit time and per 
dry tissue weight (or ash-free dry weight) of clams, but none of the studies reported outcomes 
in these units except Way et al. (1990). Filling knowledge gaps in the seasonal clearance rates of 
C. fluminea on a natural seston diet, reported with intercomparable weight-adjusted units, is 
needed in order to make sense of the general physiology and ecological function of C. fluminea. 
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Objectives and Approach 
 
The hypothesis of this research was that filtration rates of C. fluminea would reflect 
differences in temperature and natural seston quality and quantity in two representative 
streams of the Delaware River basin. In order to test this hypothesis, three main objectives were 
identified. The first objective was to measure and compare natural seston quantity and quality 
during three seasons within two tributaries of the Delaware River. The second objective was to 
study physiological feeding rates of Asian clams and calculate their allometrically scaled 
clearance rates during three seasons within two tributaries of the Delaware River. The third 
objective was to calculate filtration rates of Asian clams using clearance rate and seston quantity 
data, and determine the relationship between filtration rate and body mass of Asian clams. 
 In order to accomplish these objectives and test the hypothesis of the research, 
physiological experiments were performed seasonally in order to gather data on clam 
physiology as well as data on seston quality and quantity. Study sites in the Cooper River in New 
Jersey and the Red Clay Creek in Delaware were used as sources of Asian clams and stream 
water for physiological experiments and seston analyses.  
Methods 
 
Preliminary Physiology Experiments 
 Prior to physiology experiments, a preliminary experiment was performed which tested 
for effects, if any, of sediments in experimental beakers which could alter Asian clam behavior 
and feeding rates. The preliminary experiment followed the same methodology as physiology 
experiments (in detail below) with three sets of experimental beakers. All beakers contained 
400 ml of stream water and were split into three treatment types:  sediment (200 ml of 
sediment added to beakers, N=9), sterilized sediment (200 ml of sterilized sediment added to 
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beakers, N=9), or no sediment (N= 9). Five Asian clams of similar sizes were placed into all 
treatment beakers. Three beakers of each set served as controls (no clams) to account for 
changes in particle concentration due to particle settling or other biological activity.  Stream 
sediment was collected concurrently with clams and stream water and some sediment was 
sterilized via combustion for 48 hours at 450 °C in a muffle furnace (NEY M-525 Series II). 
Statistical analyses determined no different in calculated allometric clearance rates (reported in 
results below) between all three treatments. Therefore, it was decided sediment was not 
needed for physiology experiments. 
 
Physiology Experiments 
Field Collection 
Physiology experiments were conducted three times (June 2nd, August 25th, and 
November 5th 2014) to coincide with seasons based on stream water temperature; spring (15-20 
°C), summer (>20 °C) and fall (<15 °C). For each seasonal experiment, approximately 30 Asian 
clams were collected from each of the Cooper River and the Red Clay Creek by sieving clams out 
of stream sediments with a metal hand scoop. Clams from the Cooper River and Red Clay Creek 
were placed into separate plastic bags for transport. Collected Asian clams represented the size 
range of the clam population in that season, per season. In addition to collecting clams, 
approximately 50 liters of ambient water was collected from each stream using multiple 20 liter 
plastic carboys. Each carboy was rinsed and filled with stream water by submerging the carboy 
entirely beneath the water’s surface to avoid inclusion of surface scum. Water temperature was 
measured using a handheld thermistor at the time of water collection.  
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Experimental Preparation 
Clams and water were transported to an outdoor laboratory for each experiment. Since 
air and stream temperatures are similar, use of an outdoor lab served to maintain ambient 
water temperatures for the duration of the experiment, which was confirmed by monitoring 
temperatures in experimental systems. Clams were removed from plastic bags, gently wiped 
down with a wet cloth to remove large debris, and aligned by size. Carboys with water from 
study streams were well mixed by rolling. Water was passed through a 53 micrometer sieve 
(Nitex) into a pre-rinsed 50 liter carboy, separately for each study stream, to remove flocculants 
and other large particles. After sieving and mixing, water was dispensed into beakers for feeding 
studies and also filtered for seston analyses (see below). 
 
Seston Analyses 
Concurrent with seasonal physiology experiments, seston from sieved stream water was 
collected on glass fiber filters by vacuum filtration. A 6-port filtration manifold (Pall) was used 
with 15 psi of vacuum pressure. A clogging volume was first determined for each stream’s water 
by continually filtering stream water onto a sacrificial 4.7 cm diameter glass microfiber filter 
until water could not readily pass through the filter. The volume that passed through the filter 
prior to clogging was the clogging volume. To maximize seston collection without causing 
clogging which could affect particle sizes retained, the actual sample volume filtered was 
reduced by 10% and used as the Seston Sample Volume (SSV).  Water volumes of the 
appropriate SSV for Cooper River (225, 450, 225 ml spring, summer, fall respectively) and Red 
Clay Creek (1000, 1500, 1000 ml spring, summer, fall respectively) were measured with a 1000 
ml glass graduated cylinder. 
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Filters consisted of 4.7 cm diameter glass microfiber filters (Whatman Type GF/F) (N=18, 
each stream per season). There was a reduced sample size (N= 14) for Red Clay Creek seston 
samples during the fall experiment. All glass microfiber filters were previously combusted for 48 
hours at 450 °C in a muffle furnace to remove any trace organics (NEY M-525 Series II), weighed 
to ±0.01 mg (Sartorius M-9001) to determine Filter Weight (FW) and contained in gamma 
sterilized petri slides for storage. Seston filters were frozen (-20 °C) and stored until laboratory 
analyses of particulate matter, particulate organic matter, protein composition and 
carbohydrate composition (see below). 
 
Particulate Matter 
To assess seasonal concentrations of Particulate Matter (PM) of natural seston in stream 
water of Cooper River and Red Clay Creek, seston sample filters (N=6, per stream per season) 
were dried for 48 hours at 60 °C in a drying oven (Precision) and weighed to ±0.01 mg (Sartorius 
M-9001) to determine Seston Dry Weight (SDW). The PM weight per sample was calculated 
using SDW and FW and was divided by SSV to calculate the concentration of PM in the original 
stream water following the formula: 
     
      
   
 
PM was expressed as mg/L. 
 
Particulate Organic Matter 
To assess the concentration of Particulate Organic Matter (POM) in natural seston of 
stream water from the Cooper River and Red Clay Creek, dried seston sample filters (N=6, per 
stream per season) were combusted for 48 hours at 450 °C in a muffle furnace (NEY M-525 
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Series II) and weighed to ±0.01 mg (Sartorius M-9001) to determine Seston Ashed Weight 
(SAW). POM was calculated using the following formula: 
      
       
   
 
POM was expressed as mg/L. The percent organic matter (PPOM) of PM was calculated using 
the following formula: 
      
   
  
      
 
Protein Composition 
 Seasonal seston protein composition analyses were carried out using the Pierce 
bicinchonic acid (BCA) test kit (Pierce #23225X). Appropriate personal protective equipment (lab 
coat, full goggles, and nitrile gloves) was worn throughout the analyses. Using the 2 mg/ml 
bovine serum albumin (BSA) solution provided in the test kit, seven standards were created in 
15 ml disposable polypropylene culture tubes by diluting the BSA with 0.1 M sodium hydroxide 
(NaOH). The resulting protein concentrations of the standard series included 10, 20, 30, 50, 80, 
120, and 200 µg/ml. Blanks consisted of 0.1 M NaOH. 
Frozen seston filters (N=6, per stream per season) were transferred from their gamma-
sterilized petri slides to labeled 15 ml polypropylene test tubes. 4 ml of 0.1M NaOH was added 
to each sample tube and contents of sample tube were homogenized using a tissue 
homogenizer (Polytron) for 30 seconds or until contents were observed to be fully 
homogenized. Once contents of sample tubes were homogenized, sample tubes were capped 
and placed in a rack on ice. Between sample tubes, the probe of the tissue homogenizer was 
immersed in de-ionized water from the laboratory (filtered to 0.22µm) to prevent cross 
contamination between samples. All sample tubes were sonicated (Branson Sonifier 250) with 8 
28 
 
 
17
 
bursts on intermittent power (50%). After sonication, each sample tube’s volume was brought 
to 8 ml with 0.1M NaOH and sample tubes were vortexed (Vortex-Genie 2) for 10 seconds on 
full power. Sample tubes were tightly capped and transferred to a new test tube rack and 
incubated for 45 minutes at 60 °C. 
 After incubation, each sample tube was vortexed for 10 seconds and allowed to stand at 
room temperature for 15 minutes or more to allow settling of any large particles. Using a 100 µl 
pipettor (Eppendorf) with a 100 µl pipette tip, triplicate 10 µl aliquots of the supernatant of each 
sample tube, protein standards and blanks were added to a 96-well microplate and the 
microplate was set aside. The Pierce BCA working solution was prepared by adding 500 µl of 
Reagent B to 25 ml of Reagant A in a 30 ml Pyrex beaker and mixing for one minute using a 
magnetic stir bar and magnetic stirrer (Corning PC-353). The Pierce BCA working solution was 
transferred to a multi-tip pipet tray and using a 200 µl pipettor (8-channel, Eppendorf) with 
plastic pipette tips, triplicate 200 µl aliquots of the working solution were transferred to each 
microplate well.  
 A Thermomax microplate reader (Molecular Devices) with a 562 nm filter was used to 
read the microplate. The incubator of the microplate reader was set to 37 °C and the microplate 
was placed into the incubator and left for 30 minutes. The microplate reader was set to read a 
single wavelength (562 nm) and the microplate was read twice. Using a personal computer 
linked to the microplate reader, data were analyzed using the Softmax data analysis function to 
generate a standards curve. The x and y variables were transformed to straighten the curve and 
improve the correlation coefficient. This best fit curve was used to generate a report of the 
protein concentrations in the sample wells.  
Protein concentration data generated were multiplied by the sample volume of the 
sample test tube (8 ml) and its product was divided by the original SSV passed onto the seston 
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filter. These calculated protein concentrations (PRO) were blank-corrected by subtracting off the 
correction coefficient of the blanks. Percentage of protein content (PPRO) of POM of seston was 
calculated using the average POM (APOM) in the following formula: 
      
   
    
      
 
Carbohydrate Composition 
 Seasonal seston carbohydrate composition analyses were performed using the phenol-
sulfuric acid method as described by DuBois et al. (1956). Appropriate personal protective 
equipment (lab coat, full goggles, and nitrile gloves) was worn throughout the analyses. A 
phenol solution was created by dissolving 5 g phenol into 75 ml of de-ionized water from the 
laboratory (filtered to 0.22µm) in a 100 ml volumetric flask. The total volume of the phenol 
solution was brought up to 100 ml with de-ionized water. 
In order to create a carbohydrate standard series, a carbohydrate solution was created 
using potato starch (Sigma cold water soluble). 20 mg of potato starch was weighed out 
(Sartorius M-9001) and 10 ml of de-ionized water was added to a 20 ml borosilicate glass test 
tube. A silicone stopper was placed into the test tube and the test tube was heated to 60 °C in a 
drying oven (Precision) for 30 minutes to ensure full dissolution. Using the fully dissolved 2 
mg/ml carbohydrate solution, seven carbohydrate standards were created in 20 ml borosilicate 
glass test tubes by diluting the carbohydrate solution with de-ionized water. The resulting 
carbohydrate concentrations of the standard series included 4, 12, 32, 60, 120, 200, 300 µg/ml. 
De-ionized water served as blanks for analysis. 
Individual frozen seston filters (N=6, each stream per season except for Red Clay Creek 
fall seston, N=2) were added to 20 ml borosilicate glass test tubes in a test tube rack. 1 ml of de-
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ionized water was added to each test tube. Under a fume hood, 1 ml of the created phenol 
solution was added to each test tube and each test tube was carefully vortexed (Vortex-Genie). 
Still under the fume hood, 5 ml of 0.9% v/v sulfuric acid (H2SO4) was carefully added to each test 
tube and test tubes were vortexed. Silicone stoppers were inserted into test tubes and test 
tubes were placed into a test tube rack and incubated at 60 °C in a drying oven (Precision) for 15 
minutes. Test tubes were vortexed if cloudy, and centrifuged (International Clinical Centrifuge 
Model CL). Using a 1 ml pipettor (Eppendorf) with a plastic pipette tip, triplicate 200 µl aliquots 
of the supernatant of each test tube, carbohydrate standards and blanks were added to a 96-
well microplate.  
A Thermomax microplate reader (Molecular Devices) with a 490 nm filter was used to 
read the microplate. The microplate reader was set to read a single wavelength (490 nm) and 
the incubator was set to 60 °C. The microplate was analyzed and a linked computer with the 
software Softmax was used to generate a standards curve. The x and y variables were 
transformed to straighten the curve and improve the correlation coefficient. This best fit curve 
was used to generate a report of the carbohydrate concentrations in the sample wells. Mass of 
carbohydrate from the seston sample filter was divided by the original SSV passed onto the 
seston sample filter to calculate carbohydrate concentration of seston. Calculated carbohydrate 
concentrations (CHO) were blank-corrected by subtracting off the correction coefficient of the 
blanks. Percentage of carbohydrate content (PCHO) of POM of seston was calculated using 
APOM in the following formula: 
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Asian Clam Feeding Analyses 
Thirty 1 liter tri-pour beakers were used for Cooper River clams and an additional 30 
beakers were used for Red Clay clams. For each stream, 24 of these 30 beakers received an 
individual clam, whereas 6 beakers served as controls (no clams). The location of beakers on the 
lab bench was randomized. Controls accounted for any change in particles during the 
experiment not due to clam activity. Changes in particle concentration in controls might result 
from particle settlement, reproduction/division of microalgae, and mixing method error. Clams 
added to beakers spanned the natural size range collected in each stream.  
Feeding studies consisted of a 2 hour period during which 10 ml water samples were 
sequentially collected from each beaker at 0, 30, 60, 90, and 120 minutes. Clearance rates were 
then assessed by measuring particle disappearance over this 2 hour period (see below). The 
baseline sample (0 minutes) was taken immediately prior to placing clams into beakers. Prior to 
water sampling, beakers were gently mixed by slowly plunging a 100 ml graduated cylinder up 
and down, and subsequently taking the 10 ml water sample using a 10 ml Eppendorf pipettor. 
Water was drawn up and down twice to rinse the inside of the plastic tip and water samples 
were dispensed into pre-labeled 20 ml polystyrene vials, each containing 3-4 drops of Lugol’s 
iodine solution to fix samples. This process was repeated for all beakers and a new plastic 
pipette tip was used for the set of Cooper River beakers and Red Clay Creek beakers. 
After the baseline water samples were taken, clams were placed into beakers and a 
timer was started. Clams were allowed to feed naturally for the 2 hour study. Care was taken 
during water mixing to not disturb clams.  
After completion of the experiment, clams were removed from beakers using metal 
tongs and placed into individually labeled plastic weighing boats for morphometric analysis. 
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Morphometric Analyses 
The Shell Height (SH) of clams was measured to ±0.01 mm using a set of digital calipers 
(Mitutoyo CD-8” CSX). Clams were patted dry and Total Wet Weight (TWW) was measured to 
±0.01 g (Sartorius LC620S). Clams were shucked using a scalpel and clam tissues were placed 
into polystyrene 20 ml vials (VWR) that were pre-weighed to ±0.01 mg (Sartorius M-9001) to 
determine Vial Weight (VW). Tissue vials were frozen and freeze-dried in a laboratory for 48 
hours in a freeze-dryer (Labconco Model #7806021). Freeze-dried tissue vials were weighed to 
±0.01 mg (Sartorius M-9001) to determine Dry Tissue Vial Weight (DTVW). Clam shells were 
stored in individual plastic bags, dried for 48 hours at 60 °C in a drying oven (Precision) and 
weighed to ±0.01 mg (Sartorius M-9001) to determine Dry Shell Weight (DSW). Dry Tissue 
Weight (DTW) was calculated using the following formula: 
            
 
Feces Analysis 
Upon completion of the physiology experiment, experiment beakers were plunged with 
a 100 ml graduated cylinder to suspend small particles that may have settled plus to resuspend 
flocculent pseudofeces. Since mucus-bound feces rapidly sink to the bottom of beakers, the 
supernatant was poured out of beakers after 30 seconds leaving feces and a nominal water 
volume behind. A vacuum pump and a 6-port manifold were used to collect clam feces from 
each experimental beaker onto separate 4.7 cm diameter glass microfiber filters. Filters were 
previously combusted for 48 hours at 450 °C in a muffle furnace (NEY M-525 Series II) and 
weighed to ±0.01 mg (Sartorius M-9001) to determine Filter Weight (FW). After filtering the 
feces, filters were contained in gamma sterilized petri slides and were frozen until further 
analysis.  
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Frozen feces filters (N=26, per stream) were dried for 48 hours at 60 °C in a drying oven 
(Precision) and then weighed to ±0.01 mg (Sartorius M-9001) to determine the Dried Feces Filter 
Weight (DFFW). Dried Feces Weight (DFW) was calculated using the following formula:  
            
Dried feces filters were then combusted for 48 hours at 450 °C in a muffle furnace (NEY 
M-525 Series II) and weighed to ±0.01 mg (Sartorius M-9001) to determine the Ashed Feces 
Filter Weight (AFFW). Dried Feces Organic Weight (DFOW) was calculated using the following 
formula: 
              
 
Clam Weight to Height Relationship 
The relationship of Asian clam dry tissue weight to shell height was investigated using 
clam morphometric data, by season, for each study stream.  
 
Condition Index 
 Condition Index (CI) of Asian clams was calculated from dry tissue weight (DTW), total 
wet weight (TWW) and dry shell weight (DSW) according to the formula described by Crosby 
and Gale (1990): 
   
        
       
 
 
Clearance Rates 
 In order to calculate clearance rates of Asian clams, water samples were brought into 
the laboratory for particle count analysis. A vacuum pump filtration setup was used for filtration 
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of an electrolyte solution (Isoton II diluent, Beckman Coulter) through a 0.22 µm membrane 
filter (MF-Millipore). All water samples from physiology experiments were diluted from 10 ml to 
20 ml by dispensing 10 ml of the filtered electrolyte solution into each water sample vial using a 
calibrated bottletop dispenser (Dispensette III, BrandTech). Additionally, a set of 5 electrolyte 
solution blanks (20 ml) was created for each batch of electrolyte solution used for dilution. All 
water samples and their appropriate set of electrolyte blanks were analyzed using a particle 
counting instrument (Multisizer II Coulter Counter, Beckman Coulter). A personal computer was 
linked to the particle counting instrument and was used to store particle count data. 
A regression analysis was performed on particle counts of each clam beaker as well as 
control beakers to estimate initial particle counts (Ci) and final particle counts (Cf). Control 
beaker settling rates (SR) were calculated for control beakers which accounted for changes in 
particle counts due to biological activity or systematic error in methodology based on the 
following formula described by Coughlan (1969) with time (t) in minutes and volume (V) in 
milliliters: 
    
             
 
   
Settling rates of beakers for seasonal  physiology experiments for Cooper River and Red Clay 
Creek clams were averaged within season and stream and used to calculate Clearance Rates (CR) 
of Asian clams using the following formula described by Coughlan (1969): 
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Weight-specific Clearance Rates 
In order to calculate Weight-specific Clearance Rates (WCR) of Asian clams, the slope of 
the relationship between the clam dry tissue weight and clearance rate was calculated by 
season and stream using the formula: 
  
   
 
 
Where Y represents the natural log of Asian clam clearance rates, X represents the natural log of 
Asian clam dry tissue weights, and B represents the y-intercept of the relationship of the natural 
log of clearance rate to the natural log of dry tissue weight. 
Using M in combination with the seasonal average of dry tissue weight of clams (ADTW) 
per stream, clearance rates of individual clams in Cooper River and Red Clay Creek were 
adjusted according to individual clam Dry Tissue Weight (DTW) in each stream during each 
season. WCR was calculated by scaling CR using the following allometric formula: 
                           
WCR was expressed as L/hr [g DTW]-1. 
 
Filtration Rates 
Seasonal WCR (L/hr [g DTW]-1) and seasonal PM (mg/L) was used to calculate seasonal 
Filtration Rates (FR) of clams in Cooper River and Red Clay Creek using the following equation: 
          
FR was expressed as mg/hr [g DTW]-1 
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Statistical Analyses 
All statistical analyses were performed in the statistical software R (R Core Team 2013). 
Within R, the package “gplots” was used to generate graphical representations of research data 
(Warnes et al. 2015). For statistical analysis of proportional data (percentage of particulate 
organic matter, percentage of protein content of particulate organic matter, percentage of 
carbohydrate content of particulate organic matter), data were arcsine transformed following 
Sokal and Rohlf (2012) and means and standard errors of means were back-transformed for 
graphical representation. Morphometric data including shell height, dry tissue weight and 
condition index were log transformed to increase normality (explored via Quantile-Quantile 
plot) for statistical analysis.  
 
Results 
 
Preliminary Physiology Experiment 
 Allometric clearance rates of clams used in the preliminary physiology experiments are 
reported in Table 2 in units of total wet weight of Asian clams. A 1-way ANOVA test determined 
no significant difference in clearance rates of clams within each of the three sediment treatment 
types (no sediment, sediment, sterile sediment) (p>0.05). 
 
Natural Seston 
Seston data are summarized in Table 3 and results are broken down by section and 
described below. 
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Particulate Matter 
 The concentrations of suspended particulate matter (PM) in the Cooper River were 
more than double those of PM in the Red Clay Creek for each season and PM showed seasonal 
declines in both study streams (Fig. 1). To investigate differences in seasonal PM in study 
streams, a 2-way ANOVA test was performed which found strong significant differences 
between streams (Cooper River > Red Clay Creek, p<0.001) and among seasons (p<0.001), while 
the interaction between stream and season was slightly significant (p<0.05). Further analysis via 
a post-hoc Tukey’s honest significant difference (HSD) test determined that PM was significantly 
greater in spring compared to summer (p<0.001) and fall (p<0.001), whereas PM was not 
significantly different between summer and fall (p>0.05). 
 Seasonal variability in PM was also found to be significant (p<0.001) within each stream 
using a 1-way ANOVA test. In the Cooper River, PM was 13.4 mg/ml in spring which was found 
to be significantly greater compared to PM in summer (9.71 mg/ml) (p<0.001) and PM in fall 
(10.6 mg/ml) (p<0.001), whereas PM in summer and fall were not significantly different (p>0.05) 
via post-hoc Tukey’s HSD test.  Similarly, a post-hoc Tukey’s HSD test found that PM in Red Clay 
Creek was significantly greater in spring (4.75 mg/ml) compared to summer (2.24 mg/ml) 
(p<0.001) and fall (0.86 mg/ml) (p<0.001) but PM was not significantly different between 
summer and fall (p>0.05). 
 
Particulate Organic Matter 
 Seasonal concentrations of particulate organic matter (POM) in study streams were 
tested for differences by stream and among seasons using a 2-way ANOVA test which found the 
interaction of stream and season to be significant (p<0.001). Therefore, POM was further 
investigated for seasonal differences within each study stream using a 1-way ANOVA test. 
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 Significant seasonal differences in POM were found within Cooper River (p<0.001) and 
Red Clay Creek (p<0.001) when tested with a 1-way ANOVA per stream. For Cooper River, a 
post-hoc Tukey’s HSD test revealed that POM was significantly greater in spring (6.50 mg/ml) 
compared to summer (3.60 mg/ml) (p<0.001) and fall (4.39 mg/ml) (p<0.001), whereas POM 
was significantly greater in fall than in summer (p<0.05). In Red Clay Creek, a post-hoc Tukey’s 
HSD test determined that POM was significantly greater in spring (1.34 mg/ml) compared to 
summer (0.72 mg/ml) (p<0.001) and fall (0.63 mg/ml) (p<0.001), though POM in summer and 
fall were not significantly different (p>0.05). 
 
Seston Organic Content 
The percentage of particulate organic matter (PPOM) of PM was investigated for 
differences by stream and season via a 2-way ANOVA test. The interaction of stream and season 
was found to be significant (p<0.001) and so further seasonal analysis of PPOM was performed 
using a 1-way ANOVA test for each stream.   
Within Cooper River, PPOM was significantly different among seasons (p>0.001; 1-way 
ANOVA) as PPOM was greater in spring (48.4 %) compared to summer (37.2 %) (p>0.001) and 
fall (41.6 %) (p>0.001) and greater in fall compared to summer (p>0.001), as determined by a 
post-hoc Tukey’s HSD test. Significant seasonal differences in PPOM were also found in Red Clay 
Creek via 1-way ANOVA test (p>0.001). To investigate these seasonal differences, a post-hoc 
Tukey’s HSD test was performed which found that PPOM was significantly greater in fall (72.9 %) 
compared to spring (29.1 %) (p>0.001) and summer (32.6 %) (p>0.001), which were statistically 
similar (p>0.05).  
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Protein composition 
The percentage of POM comprised as protein content (PPRO) was compared between 
streams and among seasons with a 2-way ANOVA test. The interaction of stream and season 
was found significant (p<0.001) and so PPRO was further investigated seasonally using a 1-way 
ANOVA test per study stream.  
Within Cooper River, PPRO was significantly different by season (p<0.001; 1-way 
ANOVA). A post-hoc Tukey’s HSD test found PPRO to be greater in fall (30.0 %) than in summer 
(21.8 %) (p<0.01) which was greater than in spring (16.4 %) (p<0.05). Similarly in Red Clay Creek, 
PPRO was significantly different by season (p<0.001; 1-way ANOVA) and a subsequent post-hoc 
Tukey’s HSD test found PPRO to be greater in summer (40.9 %) than in fall (32.8 %) (p<0.05), 
which was greater than in spring (15.8 %) (p<0.001). 
Protein concentration (mg/L) of seston was also investigated via a 2-way ANOVA which 
found that the interaction of stream and season was significant (p<0.001). Protein concentration 
was then investigated by season using a 1-way ANOVA test for each study stream. 
Within Cooper River, protein concentrations were 1.08 mg/L  in spring, 0.79 mg/L in 
summer, and 1.32 mg/L in fall which were significantly different (p<0.001, 1-way ANOVA test). A 
post-hoc Tukey’s HSD test revealed that protein concentrations were not significantly different 
between fall and spring (p>0.05) but these seasons were significantly greater than in summer 
(p<0.05). 
Protein concentrations in Red Clay Creek were also significantly different (p<0.01, 1-way 
ANOVA test) among seasons (spring = 0.22 mg/L, summer = 0.30 mg/L, fall = 0.21 mg/L). Seston 
protein concentration was significantly greater in summer than in spring (p<0.05), which was 
statistically similar to fall (p>0.05) as determined by a post-hoc Tukey’s HSD test. 
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Carbohydrate composition 
The percentage of POM comprised of carbohydrate content (PCHO) was tested for 
differences by stream and season via a 2-way ANOVA test which found PCHO to be significantly 
different by stream (Cooper River > Red Clay Creek, p<0.001) and season (p<0.001) but not by 
the interaction of stream and season (p>0.05). PCHO was found to be greatest in summer 
compared to spring (p<0.001) and fall (p<0.001), which were not significantly difference from 
each other (p>0.05; post-hoc Tukey’s HSD test).  
Within Cooper River, a 1-way ANOVA found differences in PCHO by season (p<0.001). A 
post-hoc Tukey’s HSD test revealed PCHO was significantly greater in summer (19.9 %) than in 
spring (9.16 %) (p<0.001) and in fall (8.06 %) (p<0.001), while statistically similar during spring 
and fall (p>0.05). Within Red Clay Creek, PCHO was 4.81 % in spring and 7.92 % in summer 
which were statistically similar (p>0.05; 1-way ANOVA). Carbohydrate was not collected in fall in 
the Red Clay Creek. 
As further investigation, carbohydrate concentrations (mg/L) of seston were assessed 
using a 2-way ANOVA, which found differences by stream (Cooper River > Red Clay Creek) and 
among seasons (p<0.001, both responses) while the interaction of stream and season was not 
significant (p>0.05). A post-hoc Tukey’s HSD test found that carbohydrate concentration was 
statistically similar in spring and summer (p>0.05) which were greater compared to fall (p<0.01). 
Carbohydrate concentrations were further investigated by season within each study 
stream using 1-way ANOVA tests. Carbohydrate concentrations were significantly different by 
season in Cooper River (p<0.001), but not in Red Clay Creek (p>0.05). Within Cooper River, 
carbohydrate concentrations were statistically similar between spring and summer (p>0.05), 
which were significantly greater than fall (p<0.05). 
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Clam Morphometrics 
To determine differences in the size of clams used for physiology experiments for both 
study streams, a 2-way ANOVA test was performed which found differences by stream (Cooper 
River > Red Clay Creek, p<0.001) as well as season (p<0.001) whereas the interaction between 
stream and season was not significant (p>0.05). A post-hoc Tukey’s HSD test revealed that clams 
were larger in fall compared to spring (p<0.01) and summer (p<0.001), which were not 
significantly different from each other (p>0.05). 
Cooper River clams used for physiology experiments spanned a relatively wide size 
range during all three seasons (summarized in Table 3). For the spring physiology experiment, 
clams ranged in shell height from 12.9 – 42.8 mm (mean=24.4 mm; N=26). Clams from the 
summer physiology experiment ranged in shell height from 11.6 – 40.5 mm (mean =24.2 mm; 
N=26). Clams from the fall physiology experiment ranged in shell height from 18.4 – 43.6 mm 
(mean =29.9 mm; N=26). A 1-way ANOVA test indicated that Cooper River clams were 
significantly different in mean size among experiments (p<0.05), and a further analysis 
determined that clams were significantly larger in the fall experiment compared to those used in 
spring and summer experiments (post-hoc Tukey’s HSD test, p<0.05).  
In contrast, Red Clay clams used for physiology experiments spanned a narrower size 
range during all three seasons, reflecting the available population in that stream (Table 4). 
Spring physiology experiments used clams ranging from 15.1 – 27.0 mm shell height (mean 
=18.3 mm; N=26). Summer physiology experiments used clams ranging from 12.6 – 23.9 mm 
shell height (mean =18.7 mm; N=26). Fall physiology experiments used clams ranging from 17.8 
– 24.8 mm shell height (mean =20.5 mm; N=26). Mean shell height of clams used in Red Clay 
Creek physiology experiments was significantly different among experiments (1-way ANVOA, 
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p<0.05). Clams were larger during the fall experiment than clams used for both spring and 
summer (post-hoc Tukey’s HSD test, p<0.05). 
   
Clam Height to Weight Relationship 
 The clam height to dry tissue weight relationship was found to be significantly different 
by the covariates of stream and season (p<0.001, ANCOVA test) and was therefore broken down 
by stream to test for differences among seasons within each study stream.  
The relationship of dry tissue weight to shell height for Asian clams in the Cooper River 
(Fig. 2) was statistically similar among seasons (p>0.05, ANCOVA test). Seasonal data were 
therefore combined to produce the following formula: 
                           
 However, the relationship of dry tissue weight to shell height for Asian clams in the Red 
Clay (Fig. 3) Creek was significantly different among seasons (p<0.001, ANCOVA test), therefore 
dry tissue weight to shell height relationships were separated by season and followed the 
following formulae for spring (1), summer (2), and fall (3): 
                                      
                                      
                                      
Condition Index 
 The condition index of Asian clams varied widely by stream and season (Table 5) and 
showed a seasonal decline in both study streams (Fig. 4). A 2-way ANOVA was performed which 
found that the interaction of stream and season was significant (p<0.01). Therefore, condition 
indices were further investigated seasonally with a 1-way ANOVA test per study stream. 
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 For Asian clams in the Cooper River, condition index was significantly different by 
season (p<0.001, 1-way ANOVA test) and was greater in spring than in summer, which was 
similar to fall (p<0.001, p>0.05 respectively, post-hoc Tukey’s HSD test). Condition index of Asian 
clams in the Red Clay Creek also varied significantly by season (p<0.001, 1-way ANOVA) with 
greatest condition index in spring > summer > fall (p<0.001, p<0.05 respectively, post-hoc 
Tukey’s HSD test). 
 As further investigation, condition indices of C. fluminea of a similar size range (15-24 
mm) were tested for differences by stream and among seasons using a 2-way ANOVA test which 
found that condition index was significantly different by stream (Cooper River > Red Clay Creek, 
p<0.001) and by season (p<0.001) while the interaction of stream and season was not significant 
(p>0.05). A post-hoc Tukey’s HSD test determined condition index was significantly greater in 
spring > summer > fall (p<0.001, all responses). 
 
Clearance Rates 
Asian clam clearance rates showed little seasonal change in the Cooper River, but 
exhibited a large seasonal change in the Red Clay Creek (Fig. 5). To investigate these seasonal 
changes, clearance rates were initially analyzed using a 2-way ANOVA with season and stream as 
factors. Since the interaction of stream and season was significant (p<0.001), clearance rates 
were compared seasonally using a 1-way ANOVA test per stream (Cooper River and Red Clay 
Creek).  
Clearance rates of Asian clams in the Cooper River were 0.84 L/hr [g DTW]-1, 0.83 L/hr [g 
DTW]-1, and 0.85 L/hr [g DTW]-1 in spring, summer, and fall respectively (Table 6), which were 
not significantly different from each other (p>0.05). However, clearance rates of Asian clams in 
the Red Clay Creek were 1.12 L/hr [g DTW]-1, 1.17 L/hr [g DTW]-1, and 0.08 L/hr [g DTW]-1 in 
44 
 
 
17
 
spring, summer and fall respectively (Table 4) which were significantly different (p<0.001). A 
post-hoc Tukey’s HSD test found that seasonal clearance rates of Asian clams in the Red Clay 
Creek were significantly lower in fall compared to spring and summer (p<0.001), and spring and 
summer clearance rates were statistically similar (p>0.05). 
As further investigation, clearance rates of C. fluminea of a similar size range (15-24 
mm) were tested for differences by stream and among seasons using a 2-way ANOVA test which 
found that the interaction of stream and season was significant (p<0.001). Within Cooper River, 
clearance rates were similar across seasons (p>0.05, 1-way ANOVA test). Clearance rates of 
clams from Red Clay Creek were significantly different by season (p<0.001, 1-way ANOVA test) 
and a post-hoc Tukey’s HSD test found that clearance rates in spring and summer were similar 
(p>0.05) and greater than clearance rates in fall (p<0.001, both responses).   
 
Filtration rates 
Filtration rates were variable by season and stream and generally declined from spring 
through fall in both study streams (Fig. 6). A 2-way ANOVA testing for differences in clam 
filtration rates by season and stream found a strong interaction of season and stream (p<0.001). 
Therefore, clam filtration rates were compared among seasons separately for clams in Cooper 
River and Red Clay Creek by 1-way ANOVA.   
Seasonal filtration rates of Asian clams from Cooper River were 11.3 mg/L [g DTW]-1, 
7.86 mg/L [g DTW]-1, and 8.86 mg/L [g DTW]-1 in spring, summer and fall respectively (Table 7) 
which were significantly different (p<0.001, 1-way ANOVA test). A post-hoc Tukey’s HSD test 
found significant differences among all seasons with highest filtration rates in spring followed by 
fall and lastly summer.   
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Filtration rates of Asian clams from the Red Clay Creek also significantly varied by season 
(5.34 mg/L [g DTW]-1, 2.62 mg/L [g DTW]-1, 0.07 mg/L [g DTW]-1 in spring, summer and fall 
respectively, table 5), determined with a 1-way ANOVA test (p<0.001). Asian clam filtration rates 
were significantly different among all seasons with highest filtration rates during spring followed 
by summer and lowest filtration rates in fall (post-hoc Tukey’s HSD test, p<0.001). 
As further investigation, filtration rates of C. fluminea of a similar size range (15-24 mm) 
were tested for differences by stream and among seasons using a 2-way ANOVA test which 
found the interaction of stream and season to be significant (p<0.001). Within Cooper River, 
filtration rates were significantly different among seasons (p<0.001, 1-way ANOVA test) and a 
post-hoc Tukey’s HSD test found filtration rates were greatest during spring compared to 
summer (p<0.001) and fall (p<0.001) while summer and fall were not significantly different from 
each other (p>0.05). Filtration rates of C. fluminea in Red Clay Creek were also significantly 
different among seasons (p<0.001, 1-way ANOVA test) and a post-hoc Tukey’s HSD test 
determined that filtration rates were greatest in spring > summer > fall (p<0.001, all responses). 
 
Discussion 
 
Physiological processing rates of Asian clams fed on a natural seston diet differed 
between Cooper River and Red Clay Creek which may have resulted from differences in food 
quality and/or quantity. Food quantity was particularly different between streams during all 
three seasons, being higher in Cooper River than in Red Clay Creek. The difference in quantity of 
seston available to Asian clams may be a result of differences in watersheds between Cooper 
River and Red Clay Creek. Although both study streams are similar in stream length, the more 
abundant seston in Cooper River may have been due to the Cooper River’s larger watershed 
(3500 ha larger) and associated land use. Areas with higher urbanization have increased runoff 
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and non-point source pollution, which can include nutrients (e.g. fertilizers), thereby enabling 
higher production of phytoplankton in the Cooper River relative to Red Clay Creek. Another 
notable difference between the Cooper River and the Red Clay Creek is their hydrologic 
connectivity. The Cooper River contains multiple dams which have created a series of lakes 
upstream and adjacent to the study site. Conversely, Red Clay Creek flows freely without any 
impoundments in the lower reaches where the study was undertaken. Lentic environments such 
as lakes have greater freshwater residence times than lotic environments which would enable 
greater productivity. Therefore, Asian clams may have benefitted from greater production, in 
the form of food quality and quantity, due to lakes upstream of the Cooper River study site 
compared to the Red Clay Creek. Additionally, the flow rate of the Cooper River for 2014 was 
approximately 30% of the Red Clay Creek flow rate which reinforces the differences in 
freshwater residence time in Cooper River and Red Clay Creek.  
Seston concentrations (total particulate matter, PM) were greater in spring than in 
summer or fall in both Cooper River and Red Clay Creek. This seasonality is typical of temperate 
waterways and likely a result of the spring bloom of phytoplankton in both streams. The 
concentration of particulate organic matter (POM) and percent organic content of seston both 
reflect increased productivity during the spring season. In fall, Cooper River had a slight, but 
significant, increase in the percent organic content, compared to summer, possibly due to the 
addition of allochthonous material (i.e. senescent vascular plants).  In contrast, the 
concentration of POM in Red Clay Creek decreased slightly in fall; though the percent organic 
content of seston was significantly greater in fall than in spring or summer. Therefore, Red Clay 
Creek had very low seston abundance (PM, 0.86 mg/L) in fall, but the majority of seston was 
organic matter (over 70%).  
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The biochemically nutritious portion of seston (protein and carbohydrate) also differed 
between streams as well as among seasons, indicating possible effects of food quality on Asian 
clams. The percent protein content of POM was higher in Red Clay Creek than Cooper River. 
Protein content (percentage of POM) in summer had the greatest difference between Red Clay 
Creek (40.9%) and Cooper River (21.8%). However, the seasonal protein concentration of seston 
in Cooper River ranged from 0.79 – 1.32 mg/L which was greater than the protein concentration 
in Red Clay Creek (ranged from 0.21 – 0.30 mg/L) because there was simply more seston in 
Cooper River. Within Red Clay Creek, protein concentration of seston was greatest in summer 
indicating clams had the greatest protein concentration available in summer than in spring or 
fall. Interestingly, protein concentration in the Cooper River followed the opposite pattern; 
protein was greatest during spring and fall and lowest in summer. Regardless, the absolute 
protein concentrations indicate that Asian clams in Cooper River had more seston protein 
available to them compared to clams in Red Clay Creek.  
Clams in the Cooper River had more available carbohydrate than those in Red Clay 
Creek, whether expressed as percent content of POM or absolute concentrations of seston. 
Though carbohydrate content for Red Clay Creek appeared to show similar trends to that of 
carbohydrate content in Cooper River (increasing from spring to summer), Asian clams in Cooper 
River had greater carbohydrate content available to them during all seasons compared to clams 
in Red Clay Creek. 
Taken together, the biochemical composition of seston in Cooper River was substantially 
higher than in Red Clay Creek. Despite relatively high percent protein content of POM in Red 
Clay Creek, Asian clams in Cooper River may be able to meet biochemical demands (protein and 
carbohydrate) more readily than clams in Red Clay Creek. 
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Interestingly, condition indices of Asian clams were greater in Cooper River than in Red 
Clay Creek over all seasons. Body condition indices of clams in both streams exhibited significant 
seasonal declines from spring through fall, likely a result of a combination of the cost of 
gametogenesis, brooding of veligers, and/or seasonal declines in food quality and food quantity. 
The greatest condition index was found in spring which may be illogical if clams were presumed 
not actively feeding through winter.  However, spring experiments were conducted in June, 
when clams had already been feeding in streams. Though condition indices of Asian clams 
declined in both streams, Cooper River clams had greater condition indices than Red Clay Creek 
clams which may be a result of low food concentration in Red Clay Creek. This is supported by 
the dry tissue weight to shell height relationship whereby clam dry tissue weight was greater 
per shell height in Cooper River than in Red Clay Creek. These differences in condition were not 
an artifact of the larger average sizes of Asian clams in Cooper River than in Red Clay Creek 
because condition indices still differed when data were compared between clams of similar 
sizes. In Red Clay Creek, the relationship of dry tissue weight to shell height declined from spring 
through fall (less dry tissue weight per shell height) which follows low food concentrations and 
poor seston nutrition possibly inducing a physiological response of C. fluminea whereby clams 
avoid mortality via respiration of energy reserves (Vohmann et al. 2010). Taken together, these 
data suggest that clams in Cooper River had greater body condition and sizes because of more 
abundant and nutritious food resources, and seasonal changes in body condition reflected food 
conditions as well. 
 Seasonal clearance rates of Asian clams were not different between streams, despite 
varying diets and stream characteristics, which suggests that clams clear water at similar weight-
specific rates in different streams. Clearance rates ranged between 827 – 854 ml/hr [g DTW]-1 
and 76.4 – 1170 ml/ hr [g DTW]-1 for C. fluminea in the Cooper River and in the Red Clay Creek 
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respectively. In Red Clay Creek, Asian clams exhibited low clearance rates during fall at a time 
when seston concentration was lowest and when their fitness appears to have been depressed 
as evidenced by their low condition indices at that time. These findings support the clearance 
rate (816 ml/hr/clam) reported by (Auerbach et al. 1977), a study that also used a natural seston 
diet. Although clam size was not reported as dry tissue weight, Asian clams used to conduct the 
study were similar in shell height to those used for this research. Conversely, the average 
clearance rate of C. fluminea reported by (Cohen et al. 1984) was only 24.1 ml/hr/g clam wet 
weight which is more than an order of magnitude lower than the clearance rates found in this 
research (after accounting for differences between wet and dry weights of clams). 
 Despite seasonal differences in stream temperature of Cooper River (17.7 °C, 20.8 °C, 
and 11.0 °C during spring, summer and fall experiments respectively), the clearance rate of C. 
fluminea was consistent across seasons (0.84, 0.83, 0.85 L/hr [g DTW]-1, spring, summer, and fall 
respectively). These consistent clearance rates of C. fluminea in Cooper River suggest that 
stream temperatures between 11 – 21 °C may not influence filter-feeding behavior of C. 
fluminea in streams where concentrations of PM (9.71 – 13.4 mg/L, this study) are sufficient to 
keep Asian clams nourished. Although the quality of seston (e.g. percent composition of organic 
matter, protein, and carbohydrate) varied significantly in the Cooper River, the balance and 
absolute concentrations of essential nutritional components may have simply supersaturated 
clam nutritional demands throughout the year, with no observable effect of food quality on 
clearance rate.   
In contrast, in Red Clay Creek, the clearance rates of C. fluminea during spring, summer, 
and fall were more variable, 1.12, 1.17, and 0.08 L/hr [g DTW]-1, respectively. The precipitous 
drop in clearance rate from summer to fall likely resulted from a behavioral response of C. 
fluminea to the greatly reduced concentration of PM in the water column, which decreased 
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from 2.20 mg/L in summer to 0.86 mg/L in fall (values much lower than in Cooper River). 
Although protein concentrations were similar in spring and fall (0.22, 0.21 mg/L respectively), 
POM decreased slightly from 0.72 mg/L (summer) to 0.63 mg/L (fall) which may have also 
influenced feeding behavior of C. fluminea.  
Clearance rates tend to be steady across a wide range of seston concentrations and 
drop only during extremely high or low concentrations (Bayne et al. 1987; Bayne et al. 1989). In 
the Cooper River, clearance rates of clams were observed to be consistent across seston 
concentrations of 9.71 – 13.4 mg/L. Clams in Red Clay Creek however, exhibited clearance rates 
close to those of Cooper River clams when seston concentrations were 2.24-4.75 mg/L but 
exhibited significantly lower clearance rates in fall when seston concentration was 0.86 mg/L. 
Therefore, the cost of feeding on low concentrations of PM and POM in the fall was probably 
too high relative to the resources acquired thereby rendering filter-feeding too energetically 
costly forcing C. fluminea to greatly reduce its clearance rate (Willows 1992). Though an upper 
seston concentration threshold was not observed in Cooper River, it is suggested that a lower 
seston concentration threshold may exist between 0.86 – 2.24 mg/L whereby C. fluminea 
behaviorally responds by essentially ceasing filter-feeding. 
 Asian clams from Cooper River had greater filtration rates compared to Asian clams 
from Red Clay Creek over all seasons (even within a similar clam size range). Whereas clearance 
rates are indicative of clam feeding effort, filtration rates are indicative of the bulk amount of 
food actually acquired by Asian clams.  In the Cooper River, as Asian clam clearance rates were 
similar by season and seston quantity varied by season, clam filtration rates therefore reflected 
changes in food availability. In contrast, in Red Clay Creek, clam clearance rates and seston 
quantity varied significantly by season and so filtration rates reflected both changes in feeding 
behavior as well as food availability.  
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 Overall, C. fluminea was larger (see also Chapter 2) and fitter in Cooper River than in Red 
Clay Creek. Seston concentration was greater and more biochemically essential materials 
(protein and carbohydrate concentration) were available to C. fluminea in Cooper River. 
Clearance rates were steady among seasons for clams in Cooper River, and due to more 
abundant resources, filtration rates of C. fluminea were greater in Cooper River than in Red Clay 
Creek. Greater filtration rates of Asian clams likely supported greater condition indices and 
larger clams which resulted in better fitness and overwintering in Cooper River compared to 
clams in Red Clay Creek.  
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Table 1. Summary of published literature containing data on Asian clam clearance rates, with note on differences in temperature, clam sizes 
and diet type. Studies reported different units of clearance rates and clam size. 
  
Average 
Clearance Rate  
Range of Clearance 
Rates 
Water 
Temp ( °C) 
Clam Size Diet Used Study 
24.1ml/g/hr 13.8 – 33.9 ml/g/hr 26.5 2.3-7.1 g (wet weight) Natural seston (Cohen et al. 1984) 
54 ml/hr/clam 20 – 150 ml/g/hr 20 - 24 0.8-23.0 g Diatomite suspension (lab algae) (Prokopovich 1969) 
- 246 – 951 ml/hr (8 
different rates based 
on treatments) 
8, 20, 31 21.2-24.1 mm Various concentrations of 
Ankistrodesmus sp. & 
Scenedesmus sp. (lab algae) 
(Lauritsen 1986) 
400 ml/hr 
800 ml/hr 
400 ml/hr 
400-800 ml/hr 18 - 20 
20 - 24 
24 - 28 
- 7-25 mg/L Melosira sp. (Mattice 1979) 
- 67.2-148 ml/hr 15 50, 150, 300 mg (ash-
free dry weight) 
Latex microspheres (artificial 
diet), Chlorella sp. (lab algae), 
natural seston 
(Way et al. 1990) 
11 ml/hr - 22 - 25 33 mm Dictyospharium sp. & 
Oscillatoris sp. 
(Habel 1970) 
347 ml/hr/clam 160 – 861 ml/hr/clam 21 – 24 
 
- Monoculture Scenedesmus sp. 
(lab algae) 
(Buttner and 
Heidinger 1981) 
816 ml/hr/clam - 18 - 27 20-30 mm Natural seston (Auerbach et al. 
1977) 
11 ml/hr/clam - 25 - 30 22-28 mm Colonial green algae & 
filamentous blue-green algae 
(lab algae) 
(Haines 1979) 
43.2 
ml/hr/clam 
- 20 - Polyvinyltoluene beads (artificial 
diet) 
(Leff et al. 1990) 
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Table 2. Mean clearance rates of C. fluminea from preliminary physiology experiment within three sediment treatments. 
TWW= total wet weight, SEM = standard error of the mean, N = sample size). 
 
No Sediment Sediment Sterile Sediment 
Mean Clearance 
Rate  
(L/hr [g TWW]-1) 
SEM N 
Mean Clearance 
Rate  
(L/hr [g TWW]-1) 
SEM N 
Mean Clearance 
Rate  
(L/hr [g TWW]-1) 
SEM N 
0.153 0.026 6 0.088 0.016 6 0.010 0.029 6 
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Table 3. Seasonal mean seston quantity and quality in the Cooper River and Red Clay Creek (SEM= standard error of the mean, N= 
sample size, nd= no data). 
 
Stream and Seston Metric Spring Summer Fall 
Mean SEM N Mean SEM N Mean SEM N 
Cooper River          
Particulate Matter (mg/L) 13.4 0.35 6 9.71 0.58 6 10.6 0.09 6 
Particulate Organic Matter (mg/L) 6.50 0.20 6 3.60 0.18 6 4.39 0.09 6 
Organic Content (% of PM) 48.4 0.59 6 37.2 0.43 6 41.6 0.53 6 
Protein Concentration (mg/L) 1.08 0.11 6 0.79 0.03 6 1.32 0.03 6 
Protein Content (% of POM) 16.4 0.89 6 21.8 0.46 6 30.0 0.43 6 
Carbohydrate Concentration (mg/L) 0.60 0.04 6 0.72 0.06 6 0.37 0.07 6 
Carbohydrate Content (% of POM) 9.16 0.28 6 19.9 0.86 6 8.06 0.74 6 
Red Clay Creek          
Particulate Matter (mg/L) 4.75 0.61 6 2.24 0.15 6 0.86 0.03 5 
Particulate Organic Matter (mg/L) 1.33 0.06 6 0.72 0.03 6 0.63 0.03 5 
Organic Content (% of PM) 29.1 1.11 6 32.6 0.41 6 72.9 0.94 5 
Protein Concentration (mg/L) 0.22 0.03 6 0.30 0.01 6 0.21 0.01 6 
Protein Content (% of POM) 15.8 1.17 6 40.9 0.91 6 32.8 0.93 6 
Carbohydrate Concentration (mg/L) 0.07 0.01 6 0.06 0.01 6 nd nd nd 
Carbohydrate Content (% of POM) 4.81 0.37 6 7.92 1.02 6 nd nd nd 
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Figure 1. Seasonal particulate matter concentrations in the Cooper River and Red Clay Creek 
(mean ± standard error). Letters above bars indicate significant differences (post-hoc Tukey’s 
HSD test, p<0.05) per stream. 
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Table 4. Mean shell heights of Asian clams used in seasonal physiology experiments (N = sample size). Size ranges reflected the typical size 
range of clam populations in the Cooper River and the Red Clay Creek. 
 
Study Stream 
Spring Summer Fall 
Mean Shell 
Height 
(mm) 
Range (mm) N 
Mean Shell 
Height 
(mm) 
Range (mm) N 
Mean Shell 
Height 
(mm) 
Range (mm) N 
Cooper River 24.4 12.9 – 42.8 26 24.2 11.6 – 40.5 26 29.9 18.4 – 43.6 26 
Red Clay Creek 18.3 15.1 – 27.0 26 18.7 12.6 – 23.9 26 20.5 17.8 – 24.8 26 
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Figure 2. Scatterplot demonstrating the relationship of dry tissue weight (DTW) predicted by 
shell height (SH) for Asian clams in Cooper River (p<0.001, linear regression). 
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Figure 3. Scatterplot demonstrating the relationship of dry tissue weight (DTW) to shell 
height (SH) for Asian clams in Red Clay Creek, broken down by season. The weight to height 
relationship was significant (p<0.001, linear regression) in spring (R2= 0.86), summer (R2= 
0.97), and fall (R2= 0.81). 
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Table 5. Mean condition indices of Asian clams used in seasonal physiology experiments, SEM = standard error of the mean, N = sample size. 
 
Study 
Stream 
Spring Summer Fall 
Mean 
Condition 
Index 
SEM Range N 
Mean 
Condition 
Index 
SEM Range N 
Mean 
Condition 
Index 
SEM Range N 
Cooper 
River 
85.5 3.12 58.7 – 136 26 69.8 3.05 46.6 – 103 26 64.5 2.22 44.2 – 95.7 26 
Red Clay 
Creek 
69.2 2.46 46.6 – 88.8 26 46.9 1.02 33.36 – 59.6 26 41.7 1.01 25.1 – 50.1 26 
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Figure 4. Seasonal condition indices of C. fluminea from the Cooper River and Red Clay Creek 
(mean ± standard error). DTW = dry tissue weight, WTW = wet tissue weight. Letters above 
bars indicate significant differences (post-hoc Tukey’s HSD test, p<0.05) per stream.  
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Figure 5. Seasonal clearance rates of C. fluminea from the Cooper River and Red Clay Creek 
(mean ± standard error). DTW = dry tissue weight. Letters above bars indicate significant 
differences (post-hoc Tukey’s HSD test, p<0.05) per stream, n.s. = not significant.  
 
 
 
 
  
6
2 
 
 
 
 
 
 
 
Table 6. Mean clearance rates of C. fluminea in the Cooper River and Red Clay Creek. DTW= dry tissue weight, SEM = standard error of the 
mean, N = sample size). 
 
Study Stream 
Spring Summer Fall 
Mean Clearance 
Rate  
(L/hr [g DTW]-1) 
SEM N 
Mean Clearance 
Rate  
(L/hr [g DTW]-1) 
SEM N 
Mean Clearance 
Rate  
(L/hr [g DTW]-1) 
SEM N 
Cooper River 0.84 0.02 23 0.83 0.02 23 0.85 0.01 26 
Red Clay Creek 1.12 0.04 19 1.17 0.04 23 0.08 0.002 18 
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Figure 6. Seasonal filtration rates of C. fluminea from the Cooper River and Red Clay Creek 
(mean ± standard error). DTW = dry tissue weight. Letters above bars indicate significant 
differences (post-hoc Tukey’s HSD test, p<0.05) per stream. 
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Table 7. Mean filtration rates of C. fluminea in the Cooper River and Red Clay Creek (SEM = standard error of the mean, N = sample size). 
 
Study Stream 
Spring Summer Fall 
Mean Filtration 
Rate  
(mg/hr [g DTW]-1) 
SEM N 
Mean Filtration 
Rate  
(mg/hr [g DTW]-1) 
SEM N 
Mean Filtration 
Rate  
(mg/hr [g DTW]-1) 
SEM N 
Cooper River 11.3 0.26 23 7.86 0.17 23 8.86 0.15 26 
Red Clay Creek 5.18 0.16 19 2.54 0.08 23 0.06 0.002 18 
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Chapter 2: Seasonal population demographics of Corbicula fluminea in two tributaries 
of the Delaware River 
Introduction 
 
Corbicula fluminea is a freshwater bivalve mollusk that is native to southeast Russia and 
Asian countries and has spread to continents where it is an invasive species (Karatayev et al. 
2003; Lachner et al. 1970). In Europe as well as North and South America, C. fluminea continues 
to extend its range and proliferate in aquatic habitats (Caffrey et al. 2011; Karatayev et al. 2003; 
Lucy et al. 2012; McMahon 1999; Torres-Orozco B. and Revueltas-Valle 1996). The formation 
and spread of dense populations of C. fluminea have been reported throughout the world with 
population densities between 1000-3000 clams / m2 and even some  population densities up to 
10,000-20,000 clams / m2 in some cases (Cataldo and Boltovskoy 1998; Diaz 1974; Franco et al. 
2012; McMahon 1999; Modesto et al. 2013; Simard et al. 2012). Often associated with high 
population densities of C. fluminea are massive mortality events presumably triggered by a 
variety of environmental factors, reviewed in Strayer (1999), and include extreme high or low 
water temperature as well as food availability which greatly reduces the population density of C. 
fluminea (Cherry et al. 2005; Cohen et al. 1984; Vohmann et al. 2010; Werner and Rothhaupt 
2008). A remarkable decline in C. fluminea population density was reported in the Ohio River 
where some local population densities dropped from 222 clams / ft2 to no live clams (Horning 
and Keup 1964).  
However, other populations of C. fluminea maintain lower population densities under 
1000 clams / m2  (Beran 2006; Cooper 2007; Dresler and Cory 1980) and in the Delaware River, a 
study by Crumb (1977) reported clam population densities near 100 clams / m2. Some of these 
Asian clam populations were considered to be newly formed populations and may have greatly 
increased population density and abundance in following years. 
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Populations of C. fluminea have been documented within a variety of substrate types 
and depths in freshwater habitats. In the Delaware River, Crumb (1977) reported Asian clams 
were found in pebble, sand and gravel substrates ranging in depth from shallows to the shipping 
channel (>10 m). A study by Lopez et al. (2006) described the distribution of C. fluminea as 
patchy around depths of 2 meters to above 12 meters. In the New River, VA, C. fluminea was 
found in substrate dominated by sand and pebbles with very little cobble, clay, and silt (Graney 
et al. 1980). Belanger et al. (1985) performed laboratory tests for substrate preference of Asian 
clams taken from the New River, VA and found highest preference for fine sands followed by 
fine sands with organic material and lastly gravel in decreasing order. A study by Cooper (2007) 
supported this claim as the study similarly found C. fluminea had a  preference for fine sand with 
low organic content in the Roanoke River. However, a study by Hornbach (1992) found 
population densities of C. fluminea ranging from 173 – 2990 clams / m2 predominantly found in 
coarse sand substrate. A relatively recent established population of C. fluminea in the Mondego 
Estuary, Portugal, was found mainly in medium to coarse sand substrate (Franco et al. 2012).  
The prevalence of C. fluminea populations reflects its robust life history. Overall, the 
widespread occurrence and proliferation of Asian clam populations have been attributed to its 
high reproductive capacity and fast growth rates (Aldridge and McMahon 1978; Britton and 
Morton 1986; Hornbach 1992; McMahon 1999; Sinclair and Isom 1961). Aspects of C. fluminea 
populations such as shell height, life span, and reproductive periodicity have been investigated 
and documented through a variety of studies. (Hornbach 1992) provided a summary of 22 
studies (including the researcher’s own study) describing the range of shell height exhibited by 
C. fluminea within one year (6-29 mm), max shell height (19 – 50mm), lifespan (2 – 7 years), and 
number of spawning events per year (1 – 2) of populations in lotic and lentic habitats across the 
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United States. Additionally, a study by Doherty et al. (1987) documented the ability of C. 
fluminea to spawn more than twice in a year. 
These highly variable life history traits may reflect differences in annual temperature 
and varying environmental conditions (McMahon and Williams 1986; Williams and McMahon 
1986). Resource availability such as chlorophyll content is another potential factor in the life 
history traits and population densities of C. fluminea populations (Mouthon 2001; Williams and 
McMahon 1986). In lotic environments, downstream dispersal (Modesto et al. 2013; Payne et al. 
1989) as well as potential upstream dispersal of C. fluminea (Voelz et al. 1998) can alter the 
observed population demographics and population densities. Each of these factors may also 
vary by season which confounds understanding of C. fluminea population dynamics.  
As C. fluminea population demographics and population densities have been 
documented to vary greatly in different streams, it is necessary to study Asian clam populations 
within the specific area of interest. Areas where C. fluminea populations have been established 
for years may be most interesting to study population demographics and population densities 
since those populations of C. fluminea would be typical of naturalized populations. 
Unfortunately, there are no in depth studies on C. fluminea’s population demographics and 
population densities within the Delaware River basin despite the presence of Asian clams since 
1971 (Crumb 1977). Tracking seasonal population trends would allow better projections of 
future population demographics and population densities. Taken together, these data would 
provide insight regarding the future health of C. fluminea populations and the magnitude of 
their ecological role in streams of the Delaware River basin. 
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Objectives and Approach 
 
The main goal of this research was to track changes and compare and contrast 
population demographics and population densities of C. fluminea by season in two 
representative streams of the Delaware River basin. To complete this goal, three objectives 
were formulated. The first objective was to investigate differences in population demographics 
and clam growth rates by stream and season within two tributaries of the Delaware River. The 
second objective was to investigate differences in population densities of C. fluminea by stream 
and season. The third objective was to compare and contrast population demographics and 
population densities of C. fluminea within different habitat types by stream and season. 
 To complete the research objectives and goal, population surveys of C. fluminea were 
completed seasonally to gather data on shell height frequency and abundance of Asian clams by 
habitat type in two tributaries of the Delaware River. Populations of C. fluminea within study 
sites in the Cooper River in New Jersey and the Red Clay Creek in Delaware were surveyed for 
this research. 
Methods 
Population Surveys 
 Population surveys were performed seasonally in each study stream to coincide with 
physiology experiments. Red Clay Creek surveys were performed on May 29th, September 3rd, 
and October 28th 2015. Cooper River surveys were performed shortly after on June 3rd, 
September 4th, and October 29th of 2014.  
 
Survey Areas 
Representative survey areas within the study sites of the Cooper River and the Red Clay 
Creek spanned approximately 500 meters in stream length and were considered representative 
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of prevailing stream conditions. Survey areas were long enough to capture a representative 
combination of stream morphology habitats, categorized as a riffle, run, or pool. Riffle habitats 
were defined as shallow segments with observed surface water turbulence (broken surface) and 
having coarse sediment. Run habitats were defined as segments with no observed surface water 
turbulence, but having comparatively faster water velocity. Pool habitats were defined as 
stream lengths with a depth greater than 3 feet, no observed surface water turbulence, and 
slower water velocity in comparison to riffles and runs.  
Survey areas within Cooper River (Fig. 1) and Red Clay Creek (Fig. 2) were divided into 
study reaches (n=4) using a 100 meter measuring tape. Reaches were 70 meters in stream 
length, and each reach was separated from the nearest reach by a 70 meter buffer segment. 
Each reach contained three transects (perpendicular to stream). Transects were positioned at 
the 5, 35 and 65 meter positions within each reach (n=12; per survey area). Transects were 
subdivided into left, right and center positions (facing upstream). Left and right positions were 
approximately 1 meter from the left and right stream banks, respectively. Center positions were 
situated midway between left and right positions. Transect lengths, representing the actual 
widths, were measured from left water’s edge to right water’s edge. Stream depths were 
measured using a yard stick at each transect position. Transects were marked using orange 
survey flags. A handheld global-positioning-system unit (Garmin Oregon 550t) was used to 
record the latitude and longitude of each transect. 
 
Adult Clam Field Sampling 
Three replicate 1 liter sediment samples were taken at each transect position (n=36) per 
study area using a 2.5 quart plastic bucket fitted into a long metal kick-scoop. The bucket was 
first pushed 5 centimeters down into the stream bottom, and then dragged horizontally 
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perpendicular to the stream current. Bucket contents were poured into a 1 liter tri-pour plastic 
beaker which was used to measure the sediment sample volume. If needed, multiple scoops 
were taken to consistently reach 1 liter total volume per sediment sample. Sediment samples 
were transferred from the 1-liter tri-pour beaker to a 2.5 quart plastic bucket. Labeled 
waterproof tags were placed into buckets for sample identification. Sampling of replicates was 
within a 1 meter radius of each transect position, taking care not to resample the same area of 
stream bottom.  
 Sediment samples were sieved (retention approximately 7 mm) and sediment that 
passed through the sieve was collected into a plastic tray. All Asian clams retained on the sieve 
were considered “adults”, and were measured to ± 0.01 mm (Mitutoyo CD-8” CSX) to determine 
Shell Height (SH) and then returned to the stream.  
 
Juvenile Clam Field Sampling 
Sediments that passed through the sieve and retained on plastic trays were then pooled 
among all three replicate samples per transect position, and the aggregated sample was 
transferred to a 2.5 gallon plastic bucket. Aggregated sediments were mixed, and then the 
Aggregate Sediment Volume (ASV) was measured using 1 liter tri-pour beakers. A 500 ml 
subsample was then transferred to a plastic bag and stored with refrigeration until future 
analyses. Excess sediments were returned to the stream. 
 
Laboratory Counts of Juvenile Asian Clams 
 The 500 ml subsamples of sediment were held in a refrigerator until laboratory 
processing. Each subsample was sieved through a 1.18 millimeter metal sieve (Gibson No. 16). 
Sediment that was retained on the sieve was transferred to a metal tray. Asian clams were then 
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hand sorted from sediments using dissecting tools. Asian clams found in subsamples were 
considered “juveniles” and their shell heights were measured using a metric ruler under a 
dissecting microscope (Zeiss Stemi 2000). 
 
Juvenile Clam Data Extrapolation 
 The shell height data obtained from laboratory counts represented juveniles within 
sediment subsamples and needed to be extrapolated for comparison with adult clam data 
obtained from population surveys. To simplify extrapolation, the ASV from which the 500 ml 
subsamples were taken was categorized into one of six bin ranges (Table 1). Each bin had an 
associated extrapolation factor which was applied to juvenile clam data. 
 
Population Density Calculation 
 Seasonal population densities of C. fluminea in study streams were calculated for adult 
and juvenile clams by season and habitat using abundance data obtained from population 
surveys. Population density was converted into units of clams / m2 by a conversion factor of 50 
(reciprocal fraction of grab sample volume (1000 cm3) to area of 1 m2 and at 5 cm depth (survey 
depth) (50,000cm3) therefore, resulting in the following formula: 
                   
         
         
     
 
Modal Progression Analysis 
 Seasonal changes in the shell height frequency of C. fluminea were investigated via 
modal progression analysis using the software FiSAT II (version 1.2.2)(FAO 2006-2015). Adult 
and extrapolated juvenile shell height frequency data were analyzed together. Using the 
Bhattacharya’s Method function of the software, which follows Bhattacharya (1967), distinct 
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modes were identified within shell height frequency data by each stream and season. Means 
and standard deviations of shell height frequency data from the Bhattacharya’s Method were 
further investigated using the Linking of Means function which assisted in differentiating 
seasonal growth patterns of C. fluminea, viewed as progressive increases in shell heights of 
presumed cohorts. 
 
Statistical Analyses 
Statistical analyses were performed in the statistical software R (R Core Team 2013). 
Population density data were transformed via square root, and a small constant 0.001 was 
added to increase normality. Within R, the package “gplots” was used to generate graphical 
representations of data (Warnes et al. 2015).  
Results 
 
Adult Clam Population Demographics and Densities 
Adult Clam Size 
Overall mean shell heights of adult clams ranged from 15.5 – 25.3 mm within study 
streams (Table 2). A 3-way ANOVA test was performed to investigate differences by stream, 
among seasons, and among habitat type. The interactions of stream and season, stream and 
habitat type, and season and habitat type were found to be significant (p<0.001, p<0.01, p<0.05 
respectively) and so further analyses were conducted among season and habitat type via 2-way 
ANOVA tests for each study stream.  
Mean shell heights of Asian clams in the Cooper River during spring, summer, and fall 
were 21.1 mm, 25.3 mm, and 23.1 mm respectively, which were significantly different by season 
and habitat type (p<0.01, 2-way ANOVA test). A post-hoc Tukey’s HSD test revealed Asian clams 
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surveyed in summer were significantly larger than Asian clams surveyed in spring (p<0.001), 
larger in pools than in runs (p<0.01) and larger in runs than in riffles (p<0.001). 
To investigate differences in shell height of Asian clams surveyed in the Red Clay Creek, 
a 2-way ANOVA test was performed which found that Asian clams had significantly different 
mean shell heights by season (16.9 mm, 15.5 mm, and 17.0 mm during spring, summer, and fall 
respectively) (p<0.01) but not by habitat type (p>0.05). When compared among seasons, a post-
hoc Tukey’s HSD test determined Asian clams were significantly larger in fall compared to 
summer (p<0.01) but statistically similar between spring and summer (p>0.05). 
 
Adult Clam Population Density 
 The seasonal population densities of adult Asian clams were consistently below 100 
clams / m2 in both study streams (Fig. 4). Population densities of adult Asian clams in the Cooper 
River were greater than 50 clams / m2 during spring (64 clams / m2), summer (85 clams / m2), 
and fall (69 clams / m2) (Table 3). Population densities of adult Asian clams in the Red Clay Creek 
increased from spring (29 clams / m2) through summer (75 clams / m2) and into fall (79 clams / 
m2). In the Cooper River, habitat types including riffles runs and pools yielded different 
population densities of adult Asian clams. Population densities were highest in riffles followed 
by runs and finally pools over each season (Fig. 5). In the Red Clay Creek, only run and pool 
habitats were surveyed. Population densities were consistently higher in runs than pools and 
increased from spring to summer in both habitat types though densities decreased from 
summer to fall in pools (Fig. 6). 
To test these patterns of population density, a 3-way ANOVA test was performed which 
determined population density was significantly different by stream (Cooper River > Red Clay 
Creek, p<0.05), season (p<0.001), and habitat (p<0.001), whereas interactions of factors were 
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not significant (p>0.05). A post-hoc Tukey’s HSD test determined that population density was 
greater in summer and fall compared to spring (p<0.001) while similar between summer and fall 
(p>0.05). Additionally, population density was greater in riffles > runs (p<0.001) > pools (p<0.05). 
 Specifically in Cooper River, population density was significantly different by habitat 
(p<0.001) but not significantly different by season (p>0.05) and the interaction of season and 
habitat (p>0.05) (2-way ANOVA test). A post-hoc Tukey’s HSD test found that population density 
was greatest in riffles > runs (p<0.001) > pools (p<0.05) whereas runs and pools were not 
significantly different from each other (p>0.05). 
 In Red Clay Creek, population density was significantly different by season (p<0.001), 
but not significantly different by habitat (p<0.05) and the interaction of season and habitat 
(p>0.05) (2-way ANOVA test). A post-hoc Tukey’s HSD test found that population density was 
similar between summer and fall (p>0.05) which were greater compared to spring (p<0.001). 
Riffle habitats were not surveyed in Red Clay Creek. 
  
Juvenile Clam Population Demographics and Population Densities 
Juvenile Clam Size 
Population surveys enumerated juvenile clams ranging in shell height from 1.5 mm to 
8.5 mm (Table 4). The mean shell height of juvenile clams followed similar seasonal trends in 
both study streams with greatest shell height during spring, smallest shell height during summer 
and intermediate shell height during fall (Fig. 7). To investigate differences in mean shell height 
of juveniles, a 3-way ANOVA test was performed which found that all interactions were 
significant (p<0.05). Therefore, a 2-way ANOVA test was performed to test for differences 
among season and habitat type for each study stream. 
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 Within the Cooper River, mean shell heights of juvenile Asian clams were tested for 
differences among season and habitat using a 2-way ANOVA test which found the interaction of 
season and habitat significant (p<0.001). Juvenile clam sizes were then further investigated 
among seasons using a 1-way ANOVA test which found seasonal differences (p<0.001) as 
juvenile clams were significantly larger in spring (5.0 mm) compared to summer (3.5 mm) 
(p<0.001) and fall (4.5 mm) (p<0.05), and significantly larger in fall compared to summer 
(p<0.001) (post-hoc Tukey’s HSD test). Additionally, a 1-way ANOVA test found juvenile clam 
size was significantly different by habitat type (p<0.001) as juveniles were larger in pools 
(p<0.001) than in riffles and runs which were statistically similar (p>0.05) (post-hoc Tukey’s HSD 
test). 
 In contrast, juvenile clams in Red Clay Creek were significantly different in shell height 
by season (p<0.001) but not by habitat type (p>0.05) (2-way ANOVA test) and the interaction of 
season and habitat type, although riffle habitats were not surveyed. Seasonal differences were 
investigated using a post-hoc Tukey’s HSD test which found juveniles were larger in spring (5.67 
mm) compared to fall (4.75 mm) (p<0.05) and larger in fall compared to summer (3.40 mm) 
(p<0.001). 
 
Juvenile Clam Population Density 
 Population densities of juvenile clams were markedly different by stream and exhibited 
different seasonal trends (Fig. 8). In the Cooper River, juvenile clam population density was 
lowest in spring (48 clams / m2) and consistent in summer (238 clams / m2) and fall (239 clams / 
m2) (Table 5). However, the seasonal population density of juvenile clams in the Red Clay Creek 
increased exponentially from 4 clams / m2 (spring) to 108 clams / m2 (summer) to ultimately 831 
clams / m2 (fall).  
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 Juvenile clam population densities also exhibited variable seasonal trends by habitat 
type in the Cooper River with population densities highest in riffles followed by runs and lowest 
in pools (Fig. 9). However, seasonal trends in juvenile clam population densities by habitat type 
in the Red Clay Creek were nearly identical (Fig. 10) as juvenile clam population densities 
increased from spring through fall in both run and pool habitats.  
 Juvenile clam population density was evaluated using a 3-way ANOVA which found the 
interaction of stream and season to be significant (p<0.001). Population densities of juvenile 
clams were then investigated using a 2-way ANOVA for each stream. 
 A 2-way ANOVA test found that juvenile clam population density in Cooper River varied 
by season (p<0.001) and habitat (p<0.05) while the interaction of season and habitat type was 
not significant (p>0.05). Population density was greater in summer and fall compared to spring 
(p<0.001) while similar between summer and fall (p<0.05, post-hoc Tukey’s HSD test). By 
habitat, population density was greater in riffles > pools (p<0.05) and similar between riffles and 
runs (p>0.05), and between runs and pools (p>0.05). 
 Within Red Clay Creek, a 2-way ANOVA test found that juvenile clam population density 
varied significantly by season (p<0.001) but not by habitat (runs and pools, p>0.05) and the 
interaction of season and habitat was not significant (p>0.05). A post-hoc Tukey’s HSD test 
revealed population density was greatest in fall > summer (p<0.001) > spring (p<0.001). 
 
Shell Height Frequency 
 Asian clam shell height frequency data were investigated by season in both Cooper River 
and Red Clay Creek using a modal progression analysis. In Cooper River, 2 cohorts were 
identified in spring (mean shell height (SH) = 6.77, 25.8 mm), 3 cohorts in summer (mean SH = 
3.24, 26.7, 41.5 mm), and 3 cohorts in fall (mean SH = 4.62, 16.2, 30.4 mm) (Table 6). Similarly, 
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in the Red Clay Creek, 2 cohorts were identified in spring (mean SH = 12.5, 16.5 mm), 3 cohorts 
in summer (mean SH = 3.61, 10.6, 18.2 mm), and 3 cohorts in fall (mean SH = 4.87, 13.0, 19.4 
mm). Estimated population abundance of identified cohorts varied from 16 – 497 clams in 
Cooper River and from 8 – 1799 clams in Red Clay Creek. When present, juvenile cohorts had 
the greatest population abundance, almost an order of magnitude greater than all cohorts 
identified (Figs. 11-16). 
Discussion 
 
Asian clams in the Cooper River were larger than clams in Red Clay Creek. This 
difference in size was likely a result of differences in growth rate and/or lifespan. Clams in 
Cooper River also had comparatively greater body condition indices over clams in Red Clay 
Creek (Chapter 1), especially in fall, suggesting that Cooper River clams may be better prepared 
to overwinter, thereby increasing the likelihood of survival into the next year.  
Although growth rates were not obtained, there were an equal number of cohorts for 
clams in Cooper River and Red Clay Creek (2 cohorts in spring, 3 cohorts in summer and fall) 
which was similar to a previous study in the Delaware River which also reported 2 cohorts 
(Crumb 1977). Therefore, Asian clams appear to have a 2-3 year lifespan in the Delaware River 
basin. Since the number of cohorts seems to be similar between Cooper River and Red Clay, 
Cooper River clams may therefore exhibit faster growth than clams in Red Clay Creek. If the size 
differences of Asian clams were due to differences in longevity, additional cohorts in Cooper 
River should have been observed given consistent reproductive success. However, it is possible 
that all clam cohorts may not have been detected in study streams through seasonal population 
surveys. Overall, these findings of clam size (15.5 – 25.3 mm mean shell height) and cohorts (2-3 
size classes) are well within the range of existing literature on Asian clam life history traits (e.g. 
max shell height = 50 mm, lifespan = 2-7 years) (Hornbach 1992).  
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Seasonal population densities varied by habitat type and were greatest in riffles and 
lowest in pools. Interestingly, Asian clam shell height was greater in runs than in riffles but 
population density was greater in riffles. Riffle habitats have higher stream velocity and if 
stream water is well oxygenated and contains a sufficient concentration of particulate matter in 
both habitats, Asian clams may benefit from relatively lower water velocities in runs than riffles 
during flood events. Alternatively, there may be effects of substrate grain size which may affect 
C. fluminea’s ability to burrow and anchor in place though grain size was not investigated in this 
research. These findings suggest that habitat type is an important determinant for population 
density. In contrast, Bullard and Hershey (2013) found that habitat type was not significant in 
determining Asian clam population density. Differences in population density by habitat also 
support the finding that the distribution of C. fluminea is patchy (Dresler and Cory 1980), 
particularly at lower population densities. 
Substrate grain size was not assessed, however qualitative observations of substrates in 
Cooper River included fine sand, detritus, medium cobble, and clay. Red Clay Creek consisted of 
coarse sand, various sizes of cobble and small pebbles. Both streams consisted of substrates 
similar to other streams with populations of C. fluminea (Crumb 1977; Graney et al. 1980; 
Karatayev et al. 2005) with fine sand as a preferred substrate (Belanger et al. 1985; Cooper 
2007). 
Seasonal population densities of Asian clams varied more in Red Clay Creek (29-79 
clams/m2) than in Cooper River (64 – 85 clams/m2). Due to differences in population dynamics, 
clam populations in Cooper River may therefore be more stable and less prone to large 
fluctuations in population structure than clam populations in Red Clay Creek. The low clam 
population density observed in Red Clay Creek in spring may be due to a substantial winter kill 
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of C. fluminea whereas clam population densities in Cooper River were more consistent across 
all seasons. 
No evidence of a large population decline was observed during population surveys. 
There may be sufficient downstream transport of Asian clams in study streams which may 
account for the lack of cohorts observed and influence seasonal population densities (Payne et 
al. 1989). Additionally, Asian clams in Red Clay Creek have the potential to disperse upstream 
(Voelz et al. 1998), whereas Cooper River has a series of dams that would prevent this form of 
dispersal. 
Population density of C. fluminea in both study streams was consistently below 100 
clams/m2 which is similar to some other populations (Beran 2006; Crumb 1977). Though other 
studies have reported population densities up to 11,500 clams/m2 (Modesto et al. 2013), this 
does not suggest populations of C. fluminea are stressed but rather may be naturalized to the 
system and perhaps in a stable state normal for streams in the Delaware River basin. 
Alternatively, shell middens, possibly from small predators such as raccoons, were observed in 
both streams which suggests predation pressure of clams in both streams that may be sufficient 
in suppressing clam population densities as seen in Kentucky where muskrats preyed upon 
clams between 12-32 mm shell height (Neves and Odom 1989). Predation by fish is another 
potential factor that may limit clam population densities as Robinson and Wellborn (1988) found 
fish predation of C. fluminea from below 5 mm to above 15 mm in shell height to be substantial. 
Differences in the hydrologic connectivity of study streams may also be a factor in differences of 
population density. The Cooper River study site lies downstream of Wallworth Lake where 
upstream populations may serve as source populations in which juveniles flow downstream into 
the study site. Environmental factors such as food quantity may also play a role in clam 
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population density, particularly in Red Clay Creek where clams may not be able to acquire 
sufficient resources to grow, reproduce, and successfully overwinter.  
Reproductive effort inferred from juvenile population density and shell length frequency 
data differed between Asian clams in Cooper River and Red Clay Creek. In Cooper River, 
reproductive effort was low in spring and significantly higher and consistent during summer and 
fall. Similarly, reproductive effort in Red Clay Creek was low in spring, increased during summer, 
and drastically increased through the fall. Coupled with seasonal patterns of body condition 
indices (Chapter 1), this large reproductive output seen in summer through fall in Red Clay Creek 
may reflect a life history strategy of C. fluminea whereby clams that are unlikely to survive the 
winter allocate greater resources into reproduction.  It is possible that Asian clams in Red Clay 
Creek are unable to grow larger and exhibit increased population densities due to the low 
quantity of food over all seasons, especially in fall, compared to the Cooper River (Chapter 1). 
These reduced resources available to Asian clams in Red Clay Creek likely resulted in smaller 
clams with less energy reserves, therefore reducing the likelihood of successful overwintering. 
Given similar food quantities in Cooper River and Red Clay Creek, Asian clams in both streams 
may exhibit similar sizes and population densities.  
In Cooper River, adult Asian clams may be better conditioned and therefore exhibit a 
more stable and persistent reproductive effort that does not leave adults so depleted that they 
cannot survive the winter. A lower reproductive effort of Cooper River clams that is sustained 
over seasons is, therefore, not surprising. These findings of juvenile output in Cooper River and 
Red Clay Creek support existing reports of the ability of C. fluminea to spawn multiple times in 
one year (Doherty et al. 1987; Hornbach 1992). 
Asian clam population demographics and densities reported in this research are specific 
to the 500 m study sites within Cooper River and Red Clay Creek. In order to extrapolate clam 
81 
 
demographics to other streams or other areas of Cooper River and Red Clay Creek, additional 
population surveys would be needed. Anecdotally however, the densities observed in the 
Cooper River and Red Clay Creek appear similar to those observed in dozens of other streams of 
the Delaware River basin where freshwater mussel surveys have been completed over the last 
decade. Populations of C. fluminea studied in Cooper River and Red Clay Creek also were found 
to be reproductive throughout summer and fall and are robust in abundance. When present, 
juvenile clams comprised the majority of clams in both streams which was also found in the 
nearby Delaware River (Crumb 1977). Populations in Cooper River seem to have a more stable, 
mature life history condition. Red Clay Creek clams may have a lower threshold of clam size (in 
runs and pools) which is likely due to poor overwintering survival compared to Cooper River 
where clams may survive the winter. Overall, Asian clams appear to have a plastic, adaptable life 
history whereby they can adjust their reproductive effort and persist in streams with suboptimal 
food conditions. 
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Figure 1. The Cooper River study site divided into survey transects within reaches. Reaches 
and transects were labeled moving upstream. Inset provides geographical reference of 
survey area within the stream. 
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Figure 2. The Red Clay Creek study site divided into survey transects within reaches. Reaches 
and transects were labeled moving upstream. Inset provides geographic reference and 
includes the White Clay Creek and Christina River to show the connection to the Delaware 
River.  
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Table 1. Aggregate Sediment Volume (ASV) 
ranges and associated extrapolation factors for 
juvenile Asian clam data. 
 
ASV range (ml) Extrapolation Factor 
0 - 750 1 
751-1250 2 
1251-1750 3 
1751-2250 4 
2251-2750 5 
2751-3000 6 
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Table 2. Mean shell heights of adult Asian clams in the Cooper River and Red Clay Creek, summarized by season and habitat type. SEM 
= standard error of the mean, N = sample size, nd = no data (riffle habitat was not sampled in the Red Clay Creek). 
 
Stream 
and 
Habitat 
Type 
Spring Summer Fall 
Mean 
Shell 
Height 
(mm) 
SEM Range (mm) N 
Mean 
Shell 
Height 
(mm) 
SEM Range (mm) N 
Mean 
Shell 
Height 
(mm) 
SEM Range (mm) N 
Cooper 
River 
 
Riffle 
15.8 1.34 7.66 – 33.6 41 21.9 1.95 7.57 – 43.5 29 21.5 1.34 7.80 – 44.9 29 
Run 22.6 1.09 7.72 – 44.2 89 25.4 0.79 7.67 – 43.0 142 23.3 1.01 7.16 – 42.7 106 
Pool 30.9 1.68 23.3 – 37.0 8 33.0 1.84 19.1 – 41.7 11 25.6 1.68 12.0 – 45.5 13 
Overall 21.1 0.88 7.66 – 44.2 138 25.3 0.72 7.57 – 43.5 182 23.1 0.86 7.16 – 45.5 148 
Red Clay 
Creek 
 
Riffle 
nd nd nd nd nd nd nd nd nd nd nd nd 
Run 16.8 0.47 8.63 – 26.7 58 15.7 0.36 7.40 – 29.0 150 17.0 0.32 7.49 – 26.5 164 
Pool 18.4 0.92 15.9 – 21.3 5 13.6 1.08 9.73 – 21.4 11 16.9 1.91 12.3 – 24.4 6 
Overall 16.9 0.44 8.63 – 26.7 63 15.5 0.35 7.40 – 29.0 161 17.0 0.32 7.49 – 26.5 170 
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Figure 3. Mean shell height of adult Asian clams across seasons in the Cooper River and Red 
Clay Creek (mean± standard error). Letters above bars indicate significant differences (post-
hoc Tukey’s HSD test, p<0.01) per stream. 
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Table 3. Seasonal population densities of adult Asian clams in the Cooper River and Red Clay Creek, 
summarized by habitat type. SEM = standard error of the mean, N = sample size (number of 1-liter grab 
samples taken within each habitat type), nd = no data (riffle habitat was not sampled in the Red Clay Creek). 
 
Stream and Habitat Type 
Spring Summer Fall 
Density  
(clams/m2) 
SEM N 
Density 
(clams/m2) 
SEM N 
Density 
(clams/m2) 
SEM N 
Cooper River 
 
Riffle 
 
228 
56.6 
 
9 
 
172 
49.4 
 
9 
 
167 
42.5 
 
9 
Run 54 8.52 84 85 13.2 84 64 9.89 84 
Pool 20 9.51 15 37 16.5 15 43 11.8 15 
Overall 64 9.46 108 85 11.6 108 69 9.02 108 
Red Clay Creek 
 
Riffle 
nd nd nd nd nd nd nd nd nd 
Run 30 5.41 96 78 10.7 96 85 10.6 96 
Pool 21 9.65 12 46 22.6 12 25 13.1 12 
Overall 29 4.93 108 75 9.86 108 79 9.74 108 
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Figure 4. Seasonal population densities of adult Asian clams in the Cooper River and Red Clay 
Creek (mean± standard error). Letters above bars indicate significant differences (post-hoc 
Tukey’s HSD test, p<0.01) per stream, n.s. = not significant. 
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Figure 5. Seasonal changes in population densities of adult Asian clams by habitat type in the 
Cooper River. Seasonal changes in overall adult Asian clam population densities provided for 
reference.  
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Figure 6. Seasonal changes in population densities of adult Asian clams by habitat type in the 
Red Clay Creek. Seasonal changes in overall adult Asian clam population densities provided 
for reference. 
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Table 4. Mean shell heights of juvenile Asian clams in the Cooper River and Red Clay Creek, summarized by season and habitat type. 
SEM = standard error of the mean, N = sample size, nd = no data (riffle habitat was not sampled in the Red Clay Creek). 
 
Stream 
and 
Habitat 
Type 
Spring Summer Fall 
Mean 
Shell 
Height 
(mm) 
SEM Range (mm) N 
Mean 
Shell 
Height 
(mm) 
SEM Range (mm) N 
Mean 
Shell 
Height  
(mm) 
SEM Range (mm) N 
Cooper 
River 
 
Riffle 
5.6 0.27 3.5 – 8.0 31 3.0 0.11 2.0 – 8.0 72 5.1 0.14 3.0 – 7.0 56 
Run 4.8 0.19 2.5 – 8.0 70 3.5 0.07 2.0 – 7.5 432 4.6 0.07 2.0 – 8.0 434 
Pool 2.5 0.00 2.5 – 2.5 3 4.0 0.00 4.0 – 4.0 10 2.8 0.10 2.0 – 3.5 27 
Overall 5.0 0.16 2.5 – 8.0 103 3.5 0.06 2.0 – 7.5 514 4.5 0.06 2.0 – 8.0 517 
Red Clay 
Creek 
 
Riffle 
nd nd nd nd nd nd nd nd nd nd nd nd 
Run 5.7 0.17 5.0 – 6.0 9 3.4 0.07 1.5 – 8.5 217 4.7 0.03 2.0 – 7.5 1683 
Pool - - - 0 3.1 0.13 2.5 – 3.5 16 4.8 0.11 3.0 – 7.0 111 
Overall 5.7 0.17 5.0 – 6.0 9 3.4 0.07 1.5 – 8.5 233 4.8 0.03 2.0 – 7.5 1794 
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Figure 7. Mean shell height of juvenile Asian clams across seasons in the Cooper River and 
Red Clay Creek (± standard error of the mean). Letters above bars indicate significant 
differences (post-hoc Tukey’s HSD test, p<0.05) per stream. 
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Table 5. Seasonal population densities of juvenile Asian clams in the Cooper River and Red Clay Creek, 
summarized by habitat type. SEM = standard error of the mean, N = sample size (number of 1-liter grab 
samples taken within each habitat type), nd = no data (riffle habitat was not sampled in the Red Clay Creek). 
 
Stream and Habitat Type 
Spring Summer Fall 
Density  
(clams/m2) 
SEM N 
Density 
(clams/m2) 
SEM N 
Density 
(clams/m2) 
SEM N 
Cooper River 
 
Riffle 
172 86.2 
 
9 
400 171 
 
9 
311 160 
 
9 
Run 42 21.0 84 257 65.5 84 258 64.6 84 
Pool 10 10.0 15 33 21.1 15 90 78.1 15 
Overall 48 18.6 108 238 54.4 108 239 53.2 108 
Red Clay Creek 
 
Riffle 
nd nd nd nd nd nd nd nd nd 
Run 5 2.72 96 113 20.7 96 877 154 96 
Pool 0 0.00 12 67 22.6 12 463 226 12 
Overall 4 2.43 108 108 18.7 108 831 140 108 
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Figure 8. Seasonal population densities of juvenile Asian clams in the Cooper River and Red 
Clay Creek depicted with a logarithmic vertical axis. Letters above bars indicate significant 
differences (post-hoc Tukey’s HSD test, p<0.05) per stream. 
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Figure 9. Seasonal changes in population densities of juvenile Asian clams by habitat type in 
the Cooper River. Seasonal changes in overall juvenile Asian clam population densities 
provided for reference.  
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Figure 10. Seasonal changes in population densities of juvenile Asian clams by habitat type in 
the Red Clay Creek. Seasonal changes in overall juvenile Asian clam population densities 
provided for reference.  
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Table 6. Seasonal cohorts of Asian clams in the Cooper River and Red Clay 
Creek. Population size is in numbers. SH = shell height, SD = standard deviation, 
SI = separation index. Separation index refers to the ratio of mean SH 
difference: SD difference of successive cohorts. 
 
Stream and 
Season 
Cohort SH (mm) SD Population Size SI 
Cooper River 
Spring 
6.77 1.87 97 - 
25.8 2.33 45 9.07 
Summer 
3.24 0.98 497 - 
26.7 1.61 52 18.1 
41.5 1.51 16 9.49 
Fall 
4.62 1.12 490 - 
16.2 1.76 30 8.06 
30.4 1.06 26 10.0 
Red Clay Creek 
Spring 
12.5 1.06 8 - 
16.5 1.49 44 3.17 
Summer 
3.61 0.66 234 - 
10.6 1.55 64 6.33 
18.2 1.74 90 4.64 
Fall 
4.87 1.03 1799 - 
13.0 2.20 76 5.03 
19.4 1.26 80 3.73 
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Figure 11. Shell height frequency distribution of Asian clams in Cooper River during spring. 
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Figure 12. Shell height frequency distribution of Asian clams in Cooper River during summer. 
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Figure 13. Shell height frequency distribution of Asian clams in Cooper River during fall. 
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Figure 14. Shell height frequency distribution of Asian clams in Red Clay Creek during spring. 
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Figure 15. Shell height frequency distribution of Asian clams in Red Clay Creek during 
summer. 
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Figure 16. Shell height frequency distribution of Asian clams in Red Clay Creek during fall. 
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Chapter 3: Estimates of Particle Removal Services Provided by Corbicula fluminea in 
two tributaries of the Delaware River 
 
Introduction 
 
Filter-feeding bivalve mollusks (freshwater and marine) are functionally dominant 
animals that can alter their environments at the ecosystem scale (Dame 1996; Strayer et al. 
1999). The zebra mussel, Dreissena polymorpha, is a prime example of a freshwater bivalve that 
can significantly influence the ecosystem in which it lives. After its introduction to the Great 
Lakes, the zebra mussel proliferated to high population densities resulting in a lake-wide 
reductions of turbidity (Budd et al. 2001; Mackie 1991; Nalepa et al. 1996; Strayer 1999). 
Specifically in the Saginaw Bay of Lake Huron, populations of D. polymorpha were determined to 
clear the volume of the bay in 1.2 days resulting in changes in water clarity that were observable 
via remote sensing (Budd et al. 2001).  
Similarly, ecosystem changes stemming from populations of C. fluminea have also been 
documented. In the Potomac River, Cohen et al. (1984) observed a large reduction in the 
abundance of phytoplankton that spatially coincided with dense beds of C. fluminea. The 
researchers determined that C. fluminea could filter the volume of water that passed the study 
reach in 3-4 days. Another study by Phelps (1994) investigated the effects of C. fluminea in the 
Potomac River and concluded that the increased water clarity was attributed to Asian clams, 
prompting the return of submerged aquatic vegetation (SAV). In the Sacramento-San Joaquin 
River Delta, Lopez et al. (2006) determined that C. fluminea, where abundant, exerted a top-
down control of phytoplankton as Asian clams were calculated to filter the overlying water 
column up to 3.2 times in a day. 
105 
 
 
Although C. fluminea has been shown to influence ecological conditions and promote 
water clarity (Phelps 1994), and bioturbation and benthic organic enrichment (Hakenkamp and 
Palmer 1999), the relative importance of clam-mediated ecosystem services ultimately depends 
upon their population density. For example, the increase in water clarity in the Potomac River 
was subdued following a crash in populations of C. fluminea (Cohen et al. 1984; Phelps 1994). 
The flow rate or residence time of water is also important to consider when estimating pelagic 
processes such as increases in water clarity, as well as the geospatial proximity of clam 
populations to water volumes. 
Objectives and Approach 
 
The goal of this research was to synthesize data gathered from Chapters 1 and 2 to 
estimate whether seasonal particle removal by C. fluminea was ecologically relevant in either 
study stream during 2014. 
To quantify particle removal services that C. fluminea may be providing to the 
freshwater habitats of the Cooper River and Red Clay Creek, filtration rate data (Chapter 1) and 
population density data (Chapter 2) were coupled by season. Estimates of seasonal particle 
removal services by C. fluminea were then compared to actual seston concentrations and flow 
rates per season to obtain a mass balance estimate of clam-mediated particle processing per 
reach length in each stream, by season.  
Methods 
 
Clam Population Dry Tissue Weight 
 
 The population mean Dry Tissue Weight (PDTW) of adult Asian clams was calculated by 
stream and season from shell height (SH) data gathered from population surveys (Chapter 2) 
using the seasonal relationship of dry tissue weight (DTW) to SH (Chapter 1). Though the DTW to 
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SH relationship was similar among seasons in Cooper River, the relationship was significantly 
different by season in Red Clay Creek. Therefore, seasonal equations were used for both study 
streams for consistency. 
Cooper River: 
                                             
                                             
                                            
 
Red Clay Creek: 
                                             
                                             
                                            
 
PDTW estimates were further broken down by habitat type (riffle, run, and pool) to investigate 
habitat-specific particle removal services. 
 
Habitat-specific Filtration Rate 
 Population densities (PD) (clams/m2) of Asian clams (Chapter 2) were broken down by 
season and habitat type and were used along with population dry tissue weights (PDTW) (g 
DTW/clam) and filtration rates (FR) (mg seston/hr [g DTW]-1) (Chapter 1) by season and habitat 
to calculate the habitat-specific filtration rate (HFR) of seston (mg seston/m2/hr) in riffles, runs, 
and pools: 
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Stream-wide Filtration Rate 
The habitat-specific filtration rates were multiplied by the proportion of each habitat 
sampled during population surveys (e.g. # samples, specific habitat / # samples, all habitats) and 
were added together to calculate the stream-wide filtration rate of Asian clams from all habitat 
types. 
 
Study Site-wide Seston Removal Rate 
 The stream-wide filtration rate calculated for Asian clams in Cooper River and Red Clay 
Creek was multiplied by the streambed area (calculated from mean stream width and 500 m 
reach) within study sites to calculate the study site-wide seston removal rate (g seston/s) 
 
Seasonal Flow Rate 
 The seasonal flow rate (F) of study streams was calculated by averaging monthly flow 
rate data for spring (Mar-May), summer (Jun-Aug), and fall (Sep-Oct) seasons. 
 
Seston Flow Rate 
The seston flow rate was calculated seasonally by multiplying the seasonal flow rate by 
the seasonal seston concentrations in study streams. 
 
Freshwater Residence Time 
 Freshwater residence time was calculated seasonally for the Cooper River and Red Clay 
Creek. The water volume (V) of study sites in the Cooper River and Red Clay Creek was 
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calculated from study site length (L) stream widths (W) and stream depths (D) measured in the 
field: 
        
The seasonal freshwater residence time (RT) was then calculated with the seasonal flow rate (F) 
according to the formula: 
   
 
 
 
 
Estimation of Particle Removal Services by C. fluminea 
 The study site-wide seston removal rate was divided by the seston flow rate to calculate 
the percentage of seston removed from the water column by populations of C. fluminea in all 
habitats within the 500 m study site. 
Results 
The habitat-specific filtration rates of adult Asian clam populations were more than a 
magnitude greater in Cooper River than in Red Clay Creek (Tables 1 and 2). The habitat-specific 
filtration rate of C. fluminea in Cooper River was consistently greatest in riffles by season (115 – 
151 mg seston / m2/ hr) where clams were smallest but population density was greatest among 
all habitats. The filtration rate of C. fluminea in run habitats was greater than that of pool 
habitats. Though Asian clams in pools were larger than clams in other habitats over each season, 
the population density of clams in pools was consistently lower and therefore, the filtration rate 
of Asian clam populations in pools was lowest during all seasons. Similar seasonal trends of 
habitat-specific filtration rates were found in Red Clay Creek where clam populations in runs had 
greater filtration rates than clam populations in pools while clam population in both habitats 
had greatly reduced filtration rates in fall. 
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 In both Cooper River and Red Clay Creek, run habitat comprised the majority of stream 
habitats sampled (>75%). Pool habitats were much less represented in study streams (<15%) 
and riffles were only sampled within Cooper River (<10%).  
 Within Cooper River, the greatest seasonal stream-wide filtration rate was calculated to 
be in Cooper River during summer (112 mg seston / m2/ hr) followed by spring (76.4 mg seston / 
m2/ hr) and fall (69.0 mg seston / m2/ hr). The stream-wide filtration rate of Asian clams in Red 
Clay Creek was greatest in spring (6.94 mg seston / m2/ hr) followed by summer (5.60 mg seston 
/ m2/ hr) and was greatly reduced in fall (0.17 mg seston / m2/ hr). 
 Study site-wide seston removal rates were an order of magnitude greater in Cooper 
River (0.33 – 0.54 kg seston/hr) than in Red Clay Creek (0.001 – 0.05 kg seston/hr) by season. 
The seston flow rate in Cooper River was 13.4, 9.71, and 10.6 g seston / s during spring, 
summer, and fall respectively whereas seasonal seston flow rate in Red Clay Creek was 23.1, 4.0, 
and 1.1 g seston / s from spring through fall (Table 3). Taken together, Asian clams in Cooper 
River removed 0.61%, 2.71%, and 1.54% of seston flow during spring, summer and fall 
respectively, within a 500 m reach.  Asian clams within the 500 m reach of Red Clay Creek 
removed 0.06%, 0.29%, and 0.04% of seston flow during spring, summer, and fall. 
Discussion 
 
Population-level estimates of Asian clam particle filtration depended on several key 
factors.  Filtration rates per clam varied with clam body size and seston concentration (Chapter 
1).  Clam body sizes, clam population densities, and the relative abundance of different size 
classes differed between streams and within habitat types (Chapter 2).  As a consequence, 
population-level filtration rates across both Cooper River and Red Clay Creek were consistently 
greater in run type habitats compared to pool habitats, and filtration rates were greater in 
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Cooper River than in Red Clay because of more abundant seston in Cooper. Population densities 
of Asian clams had a greater impact on habitat-specific filtration rates compared to Asian clam 
size, which was generally greater in pools than in runs. Within Cooper River, habitat-specific 
filtration rates were greatest in riffle habitats which resulted from riffles having the greatest 
population density of Asian clams.  The seasonal differences in habitat-specific filtration rates 
tracked seasonal differences in clam filtration rates as well as clam size and population densities. 
Within Red Clay Creek, habitat-specific filtration rates in fall plummeted due to exceptionally 
low clearance rates (Chapter 1) and low seston concentration. 
Despite differences in habitat-specific filtration rates, the stream-wide filtration rates 
were heavily influenced by filtration rates calculated in runs as run habitat comprised 78% and 
89% of stream habitat in Cooper River and Red Clay Creek respectively. Since runs represent the 
majority of stream habitat, changes in biomass density of clam populations are more 
ecologically important in runs than in riffles or pools within the context of seston filtration and 
potential increases in water quality. 
When differences in clam populations densities, clam sizes and seston availability were 
integrated across the three seasons, seston removal rates for the study sites were found to be 
greater in the Cooper River than in Red Clay Creek.   The most important factors governing the 
higher filtration in Cooper was found to be higher filtration rates (associated with greater seston 
availability) and larger sized clams. Within Cooper River, the greatest seston removal rate was 
calculated in summer when clam population density in runs was greatest. 
When investigating the study site-wide seston removal rates in the context of seasonal 
seston flow rates, Asian clams in Cooper River were estimated to remove up to 2.71% of seston 
from the water column which was far greater than seston removal percentages in Red Clay (max 
= 0.29%). The seston removal percentage was greater in summer in both streams when seston 
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flow rate was generally lower. Within Cooper River, the seston removal percentage was lowest 
during spring, when seston flow rate was greater, likely due to snowmelt runoff and relatively 
higher precipitation compared to summer.  
Calculations of stream-wide seston removal assume that seston concentration was 
homogenous within the water column. The estimates also do not incorporate stream dynamics 
such as resuspension of flocculent material and other solids back into the water column. The 
seston removal percentage also depends on the behavior of C. fluminea and assumes a constant 
filtration rate over time, though C. fluminea is known to exhibit both filter-feeding and deposit-
feeding (Hakenkamp and Palmer 1999). Asian clams may also become quiescent while stream 
conditions are not conducive to filter-feeding (e.g. low seston concentration, poor food quality) 
(discussed in Chapter 1).  
Despite these uncertainties, it is clear that Asian clams in Cooper River remove a greater 
percentage of seston from the water column than clams in Red Clay Creek due to their larger 
size and greater seasonal filtration rates as well as differences in freshwater residence time 
between streams. At current population densities within a 500 m stream reach, clam 
populations in Cooper River and Red Clay Creek may therefore not exhibit a strong influence on 
water clarity as reported by others (Cohen et al. 1984; Phelps 1994).  
Although the estimated removal of seston (as a proportion of seston flow) was less than 
3% in the studied streams, the actual mass of filtered total suspended solids was not 
inconsequential.  Within the 500 m stream reach of Cooper River, for example, Asian clams were 
estimated to remove nearly 3 metric tons of seston per year.  In contrast, clams in Red Clay 
Creek were estimated to filter less than 0.5 metric tons of seston.  These estimates were based 
on seasonal seston removal rates and assume that no filtration occurred in winter due to cold 
temperatures and expected quiescence. Although this research is limited to the 500 m study 
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sites in both streams, it is possible that clams exist in similar population densities throughout 
each studied stream.  When filtration rates are therefore extrapolated upstream and 
downstream of the study sites, clam populations could potentially be removing almost 10% of 
seston during summer in Cooper River and 1% of seston in Red Clay Creek, per stream mile. The 
percentage of seston removed from stream flow within each stream mile of Cooper River and 
Red Clay Creek may therefore be considerable when applied to larger stream lengths.  Such 
extrapolation exercises require more analysis, however, because of complex hydrological and 
ecological processes (e.g. possible re-filtration of same water, particle source dynamics).  
Additional population studies throughout streams to confirm clam demographics and densities 
would also support stream-wide calculations of their seston removal. 
Regardless of stream-wide filtration capacities of C. fluminea, this research suggests 
clam populations in Cooper River are likely to exert greater control on ecosystem-level seston 
dynamics and total suspended solids concentrations than clams in Red Clay Creek. Asian clams 
in Cooper River were larger, more fit, exhibited greater filtration rates, and had a greater 
potential to overwinter.  
Additionally, this research provides the basis for the incorporation of C. fluminea 
populations into ecosystem service considerations within the Delaware River basin. Given 
seston concentrations within the range of those observed in this research, reported clearance 
rates may be applied to clam populations beyond those in Cooper River and Red Clay Creek. 
Additionally, the relationship of dry tissue weight predicted via shell height may simplify further 
investigations of clam-mediated particle filtration. In order to estimate the ecosystem services 
provided by C. fluminea via particle removal, future studies of other clam populations should 
therefore focus on measuring food quantity, clam size, and clam population densities which can 
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be used in tandem with clearance rates reported in this research to calculate population-wide 
filtration rates.  
 
 
 
 
 
1
1
4 
1
14
 
 
 
Table 1. Summary of filtration rate calculations of Asian clam populations in Cooper River categorized, by habitat type for each season, 
DTW = dry tissue weight. 
 
 Spring Summer Fall 
 Riffle Run Pool Riffle Run Pool Riffle Run Pool 
Mean Clam Shell Height 
(mm / clam) 
15.8 22.6 30.9 21.9 25.4 33.0 21.5 23.3 25.6 
Mean Clam DTW 
(g DTW / clam) 
0.05 0.12 0.29 0.11 0.16 0.32 0.09 0.11 0.15 
Mean Population Density 
(clams / m2) 
228 54 20 172 85 37 167 64 43 
Mean Biomass Density 
(g DTW / m2) 
10.2 6.59 5.79 18.8 13.7 12.0 15.0 7.13 6.25 
Mean Filtration Rate 
(mg / hr [g DTW]-1) 
11.3 8.04 9.01 
Habitat-specific  
Filtration Rate 
(mg seston / m2/ hr) 
115 74.3 65.2 151 110 96.1 134 64.3 56.3 
Stream Habitat   
(Percentage of study site) 
8.3 77.8 13.9 8.3 77.8 13.9 8.3 77.8 13.9 
Stream-wide Filtration Rate 
(mg seston / m2/ hr) 
76.4 112 69.0 
Study Site Area 
(m2) 
4810 4810 4810 
Study Site-wide Seston 
Removal Rate  
(kg seston / hr / 500 m reach) 
0.368 0.537 0.332 
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Table 2. Summary of filtration rate calculations of Asian clam populations in Red Clay Creek, categorized 
by habitat type for each season, DTW = dry tissue weight. 
 
 Spring Summer Fall 
 Run Pool Run Pool Run Pool 
Mean Clam Shell Height 
(mm / clam) 
16.8 18.4 15.7 13.6 17.0 16.9 
Mean Clam DTW 
(g DTW / clam) 
0.04 0.05 0.03 0.02 0.03 0.03 
Mean Population Density 
(clams / m2) 
30 21 78 46 86 25 
Mean Biomass Density 
(g DTW / m2) 
1.32 1.14 2.29 0.90 2.66 0.77 
Mean Filtration Rate 
(mg / hr [g DTW]-1) 
5.34 2.62 0.07 
Habitat-specific  
Filtration Rate 
(mg seston / m2/ hr) 
7.05 6.07 6.00 2.36 0.19 0.05 
Stream Habitat   
(Percentage of study site) 
89 11 89 111 89 11 
Stream-wide Filtration Rate 
(mg seston / m2/ hr) 
6.94 5.60 0.17 
Study Site Area 
(m2) 
7350 7350 7350 
Study Site-wide Seston 
Removal Rate  
(kg seston / hr / 500 m reach) 
0.05 0.04 0.001 
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Table 3. Stream volumes and seasonal flow rates of the Cooper River and Red Clay 
Creek.  
 
 Cooper River Red Clay Creek 
 Spring Summer Fall Spring Summer Fall 
Volume 
(ft3) 
66,100 73,400 
Flow Rate 
(ft3 / s) 
44.1 20.2 20.2 172 62.8 44.4 
Seston Particulate Matter 
(mg / L) 
13.4 9.71 10.6 4.75 2.24 0.86 
Seston Flow Rate  
(g seston / s) 
16.8 5.5 6.0 23.1 4.0 1.1 
Freshwater Residence Time 
(s) 
1500 3270 3270 427 1170 1660 
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